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The damaging effects of contamination can be critical in industry, research and healthcare 
delivery. Accordingly, reliable contamination control systems are a necessity in these areas. 
This study focused on assessment strategies and methods for Open Fronted Containment 
(OFC) and Ultra Clean Ventilation (UCY) systems. 
A simple assessment strategy (flow visualisation and face velocity) was used to rank the 
performance of 221 fume cupboards in a college and to eliminate those considered 
unsatisfactory among them. It was concluded that flow visualisation using a water fog 
generator was a better indicator of performance than the other tests. 
Theoretical and practical attempts were made to correlate a gas tracer containment test 
method (BS 7258 : 1994 Part 4) and a particulate method (BS 5726 : 1992 : Part 1) for 
testing OFC systems. This was found to be impracticable due to differences in tracer 
generation, sampling methods and distribution of equipment. F or the overall assessment of 
OFC systems a 3 stage strategy (flow visualisation, face velocity measurement and 
quantitative tracer testing) was found to be most suitable. This 3 stage strategy was 
expanded and used successfully to evaluate an UCV system in a hospital bums unit. 
The technique of Computational Fluid Dynamics (CFD) was used to simulate airflow and 
tracer dispersal within OFC and UCV systems. CFD demonstrated systematically, for the 
first time, a number of advantages over physical measurements. One advantage of CFD was 
that it visualised and quantified the complete flow field in any plane. Although CFD 
simulations could be used in predicting how a design could function, it did not necessarily 
indicate how it would function when built. Physical tests are still necessary for validation and 
conurusslonmg. 
Both CFD and physical measurements were found to be useful for solving many problems but 
the combination of these techniques highlighted how some design changes could introduce 
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Chapter 1 General Introduction 
1.1 Airborne contanlination control problems in some workplaces 
Contamination, defined in the Shorter Oxford Dictionary as 'the action of making impure or 
polluting~ defilement~ infection' can be a critical factor in industry, scientific research and 
healthcare. A contaminant may be gaseous or particulate and should meet two conditions; (a) 
have the physical or chemical properties to cause harm or damage (potential contaminant) 
and (b) have the ability to tnigrate to or be in place at a vulnerable location where it may 
cause harm. There are many more potential than actual contaminants, contamination only 
resulting as a matter of time for the potential contaminant to reach a vulnerable location. The 
limiting factors are thus time, place and transport. 
1.1.1 Electronics industJ-y - protection of the product 
In the micro-electronics and semi-conductor industries, the prime concern is to keep 
manufactured components free from contamination by any airborne gases or particulates, and 
this is especially important as component details reach sub-micron levels (Austin, 1970). 
Particles tnay datnage the surface of a component by the removal of material as a result of 
erosion or grinding, or by embedding a relatively undistorted particle to the extent that the 
component surface is plastically deformed. Other particles may be smeared over the surface 
to produce a coated section, and hence interfere with the operation of the device. Gaseous 
contaminants may react directly with the component metals and particles generated from such 
reaction products may be transported into critical areas where subsequent damage may occur. 
1.1.2 Scientific laboratories - protection of the product and the worker 
In scientific and research laboratories, the handling of chetnical and microbiological material 
poses more potential hazards to health than in most other occupations (Grover 1994, Collins, 
1988; Kennedy, 1988). The mechanism and route by which infections may be acquired in the 
laboratory may not be the same as in the community at large and the number of organisms 
that may potentially challenge the body and cause disease may be greater. Entry into the 
body may occur through mucous membranes (e.g. the lining of all those passages in the body 
which communicate with the exterior parts). A very important route is through the respiratory 
tract. Entry may also occur through the skin, which normally is a natural barrier to micro-
organisms but for infection to occur via this route, there needs to be a break in its continuity. 
It can occur through numerous anatomical openings such as hair follicles and sweat pores or 
the skin may be broken through damage or lesion. Certain chemicals or fumes can be 
absorbed into the body by the above routes and directly through the skin. This can be 
significant when there is sustained skin contact with organic, lipid soluble liquids. The rate of 
percutaneous absorption varies and for relatively involatile liquid~rn pass through the skin 
easily, this route may be more important than inhalation. 
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1.1.3 Healthcare - protection of the patient 
In many areas of healthcare, the control of cross infection in the ward, between wards and in 
the operating room during surgery is important (Faircliff, 1984). With recent advances in 
replacement prosthetic surgery there is the requirement for ultra clean environments to 
prevent contamination of the wound site which can cause infection and even rejection of a 
prosthetic implant (Lidwell, 1981, 1982, 1983). Almost any micro-organism inoculated into 
a suitable site may colonise the site and produce disease. This is especially true of the 
immunosuppressed patient where the normal flora of the human skin may invade generally 
sterile areas such as heart valves or hip prostheses leading to total breakdown of the implant. 
1.1.4 Food indush)' - protection of the product 
In the food industry, micro-organisms may cause the putrefaction of foods and the prime 
concern IS to exclude potential contalninants from the product during preparation and 
packaging. 
1.1.5 Pharnlaceutical industry - protection of the product and the worker 
In the pharmaceutical industry, particles may contaminate intravenous drugs and the prime 
concern is to exclude potential contaminants from the product during preparation and 
packaging.. In pharmacies and hospitals the dispensing of drugs can give rise to hazards 
(Kruse et. al., 1991 ~ McDevitt, 1993). Dispensing frequently has to be carried out in a clean 
environment and during the process aerosols may be generated and be inhaled or otherwise 
gain access to the body. Some drugs entering the body in this way can be allergenic as well 
as toxic. 
1.2 Airborne contamination control strategies and equipment 
There is thus a requirement for the prevention, or at least a reduction, in the contamination of 
the work process, work personnel and the environment to within acceptable limits. This is 
determined both by economic considerations and by health and safety legislation. The cost of 
controlling contamination may prove to be high for a particular process, as for example, in the 
manufacturing industries where functional reliability, operational safety and operating costs, 
all affect profitability. Industry is also regulated to a large extent by guidelines such as Good 
Manufacturing Practice (GMP) to control the quality of the process and product. Equally in 
healthcare, the prevention of cross infection, which is of prime importance, can be very much 
influenced by litigation and public demands as available technology advances. 
Controlling exposure to a potential contaminant requires the development of a control 
strategy. The selection of an appropriate strategy requires an assessment of risk to be made 
from the hazard and exposure to potential contaminants. F or this the physical and chemical 
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properties of the potential contaminants, the method of their generation, how they may 
migrate to a vulnerable location and how they may cause harm or damage all need to be 
known (App. 1). A combination of high hazard and high exposure results in high risk which 
requires a high level of control. A negligible hazard activity involving low exposures presents 
a low risk for which no control is needed. The appropriate control strategy used will depend 
on the level of risk and the design of control equipment will depend on the way in which 
exposure takes place. 
Intrinsic methods are used for the plimary control of exposure of a vulnerable site with 
respect to the manner in which the material is handled and the equipment that is used. 
Extrinsic methods are used for controlling exposure from the activity usually by containment 
of potential contaminants or their displacement or removal away from a vulnerable site. 
Totally enclosed process and handling systems isolate the work process and product from the 
operator offering maximum protection from contamination by direct contact or indirectly via 
the air. Partial enclosures, with local exhaust ventilation, or simply local exhaust ventilation 
(LEV) can minimise exposure to contamination via the airborne route. 
F or partial enclosures protection of the work process or product can be achieved by carrying 
out manipulations in a contaminant free airflow, directed over the critical work area (e.g 
laminar flow work stations and clean rooms). Protection of the operator from the work 
process can be achieved by drawing ambient air into a containment device from which any 
contamination escape is minimised, but filtered, diluted or otherwise treated before being 
discharged (e.g. fume cupboards and microbiological safety cabinets). Protection of both the 
operator and the product can be achieved by carrying out the work process in an enclosure 
manipulating the airflow using a combination of both the above principles. As part of the 
total contamination control system protection of the environment requires methods to treat 
the eftluent discharged from equipment to prevent contamination of areas outside the work 
place. In addition there are methods used to dilute or displace airborne contamination in the 
working environment to within safe working limits (e.g. natural ventilation or clean rooms). 
Examples of totally enclosed and partial enclosures are shown in Fig. 1.1. The design, 
function and history of contamination control equipment is covered in many excellent 
reviews. For containment systems, Barkley, 1972; B.O.H.S., 1976; Everett, 1981; Cook & 
Hughes, 1986; Newsom, 1976; Hughes, 1980; Collins, 1988; Kennedy, 1988; Clark, 1989; 
R.S.C., 1990; Kruse et. aI., 1991. For cleanrooms, Austin, 1970; Farquharson, 1988; Hall, 
1988; Schicht, 1988. For hospital ventilation systems, Faircliff, 1984; Howorth, 1984. 
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Figure 1 .. 1 S.yste~s used for controlling the contamination of people, products and/or work processes. 
MSC Microbiological safety cabinet: flc fume cupboard~ LEV is local exhaust ventilation~ TV theatre is 
a turbulentl~' ventilated operating theatre: uev theatre is an 'Ultra clean ventilation' operating theatre; 
and LF lammar flow chamber 
Once the appropriate control strateb'Y has been selected the next most important step is to 
ensure that the performance of any control equipment included in this strategy is adequate 
and that it continues to offer the protection required over its working life. 
1.3 Performance assessment strategies for contamination control equipment 
Assessing the performance of contamination control equipment as part of the overall 
contamination control strategy requires a strategy of its own. This depends on the design of 
the equipment and the form of potential contaminant being protected against. Ideally, 
assessment will be made by measuring contamination of the work process, operators and 
product 'in-situ'. However this is often impractical and uneconomical and other methods are 
used for assessment purposes. These methods include qualitative (App. 2) and quantitative 
(App. 3) techniques, using tracers that will closely tnimic a potential work place contaminant 
but which are measurable and without any harmful properties. Qualitative assessment 
methods can give indications of exposure or the function of contamination control devices but 
only quantitative methods will give information on actual exposure. 
As part of the strategy for assessing partial enclosures the test methods commonly used 
include air flow visualisation, the measurement of air velocity and turbulence, and the 
quantification of tracer migration. Ideally the air inside or outside an enclosure should be 
completely seeded with tracer and any breach of control measured. However, this has not 
proved viable and spot source and sampling methods are used. 
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There are different methods and strategies available for assessing contamination control 
equiptnent. Such differences are in the emphasis on qualitative and quantitative methods used 
in the strategy and in the protocol and layout of equipment. This makes comparison of results 
using different methods on the same type of equipment difficult, if not impossible. The results 
of tests using spot source and sampling methods are influenced by the position of the tracer 
source, the amount released, the mechanism of release, the position of the samplers, the 
efficiency of the samplers and the relative disposition of the equipment. Barkley (1972) could 
not compare the results of many researchers' attempts to quantify the containment of fume 
cupboards and microbiological safety cabinets because the reports gave perrormances that 
may be directly attributable to anyone of the above problems. 
There are also many alternatives in the interpretation and expression of results. A factor is 
generally used to indicate equipment perrormance, calculated from data gathered using 
tracers, and expressed as either (examples from different authors are listed in tables 1.1 - 1.6): 
1) The concentration of tracer sampled outside the enclosure with reference to the release 
rate within it, or vice versa. 
2) The ratio of the concentration of tracer inside the enclosure to that outside, or vice 
versa. In this case the volume flow rate of air flowing through the facility has to be 
taken into account (and perhaps the volume of air sampled, depending on detection 
method). 
3) A material balance between the amount of tracer released inside the enclosure to that 
sampled outside, or vice versa. This requires knowledge of the amount released and the 
amount of air sampled. 
Reference Capture efficiency index (Eff or 11) 
(Hampl & Duct concentration of tracer disch arged at a given point 100 
Eff% = . h d· d . I x Shulman, 1985) Duct concentration of tracer dISC arge In uct In et 
(Niemela et. aI., 1] = (C x - Cb ) xIOO% 
1991) (C ref - Cb ) 
Cx=tracer concn. in the exhaust duct when tracer released in roo~. 
Cre! 100% capture efficiency with constant release rate of tracer In 
capture hood/exhaust flow rate. 
Cb -background concentration. 
Table 1.1 Capture efficiency indexes. 
Reference Fume cupboard containment efficiency indices 
(Hampl et. aI., % leakage - [1-(Ca/C] x 100 
Ca=SF6 concentration with air curtain operating. 1988) 
C-SF6 concentration without air curtain oj>eratinE.: 
(Mosovsky, 1995) Average leakage [1 - (Co/Ci)] x 100 
Co=concentration of tracer gas measured outside the hood. 








(DD 80, 1980) 
(Bicen, 1993) 
(DS 457, 1986) 
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flow rate and fume cupboard exhaust volume flow rate. 
0/0 leakage - (Co/C j) x 100 
Co .ou~side hood concentration (personal exposure) in ppm. 
Cj=tnsIde hood concentration in ppm. 
RR=SF6 release rate (l/min). 
Q=volume flow rate of hood exhaust (CFM). 
C = RR xl06 and C = % leakage, RR 6 
I 28.3Q 0 100 x 28.3Q xl0 
Protection factor (PF) = 1/ %leakage. 
Rating system=xx AU (or AM) yyy 
xx=tracer gas release rate 
AU=As Used test 
AM=As Manufactured test 
yyy=concentration of tracer (ppm by volume) measured outside the 
fume cupboard in the breathing zone 
F Breathing zone concentration (mg / m 3) actor = '-' 
Ejector release rate (mg / min) 
Protection factor (PF) = -loglO F 
r L = log- -Iog(hw\') 
Co 
L=containment index ( dimensionless) 
r=release rate of test gas inside the fume cupboard (mIls) 
Co=concentration of test gas detected in the plane of the sash 
averaged over space and time (mIlm3 or ppm). 
h=the height of the sash opening 
w=the aperture width 
v=the average face velocity (m/s) 
Th"' C IS approxImates to L = log-I 
Co 
Cj=the concentration of the test gas inside the fume cupboard 
( 
escape level ) Capture efficiency = 1- II I b d xl00 tota leve to e extracte 
k = (GYg)/(sf) 
k=the maximum permissible escape of tracer gas in the operator's 
respiration zone (ppm). 
g=the tracer gas supply during testing (mol/min). 
f=the expected contamination rate on which the test is based 
(moIlmin). 
GV=the limit value for the containment as per the Labour 
Inspectorate's list of limit values (ppm). 
s=safety factor determined by how close to the contaminant's work 
hygiene limit value (GV) it is acceptable to be in a given work 
situation, and by measuring accuracy and harmful effect of the 
pollutant and the suitability of the measurement for representing 
long-term and varying work routines. 
Table l.2 Fume cupboard containment efficiency indices. 
Reference Microbiological safety cabinet containment efficiency indices 
(BS 5726, 1992) Ns Perfonnance Factor (PF) = Vn 
N=the total number of particles liberated 




s-the sampled volume flow rate (lltnin) 
V=the room ventilation rate (l/min)=a standard 104 l/min 
The PF i.s the rat~o of transfer indices, T, for release and sampling of 
tracer without/With the cabinet: 
without cabinet T = _1 and with cabinet T = ~ 
V Ns 
Percent. penetration = 100 RQ 
VsN 
R=the total number of spores recovered outside the cabinet 
Q=the total flow rate through the chamber (CFM) 
Vs=the volume of air sampled (cubic feet) 
N=the number of spores liberated in the cabinet (no. spores/min) 
Table 1.3 Microbiological safety cabinet containment efficiency indices. 
Reference Cleanroom and clean area containment efficiency indices 
(Ljungqvist et. aI., R' k f t (RF) _ particle concentration in critical region 
1994) IS . ac or. - particle concentration in ambient air 
Table 1 A Cleanroom and clean area containment efficiency indices. 
In all cases the performance factor may be used, for a particular control device, as an 
assessment of potential exposure: 
Exposure level of potential or actual contaminant escaping from contamination control 
eqUIpment: 
= [1 - (PF /100)] x quantity of hazard released (if expressed as percentage) 
= PF x quantity of tracer released (if expressed as a fraction) 
Table 1.5 Performance factors and risk assessment. 
Attempts have been made to standardise assessment strategies and the methods included in 
them for similar types of contalnination control equipment. These have been developed 
through manufacturing groups, health and safety legislation and as national and international 
standards. Where this has not been possible, then it is important that whatever strategy and 
testing methods are used they should yield comparable results. However, this is not 
necessarily so and there stilI remains a great disparity between many strategies that have not 
been standardised or correlated, and the results of which cannot be compared. The 
manufacturer of contamination control equipment thus has the expense of testing by all 
methods for sale in different countries where standards apply. 
An example is in the testing of open fronted containment systems such as microbiological 
safety cabinets and fume cupboards. Assessment methods for microbiological safety cabinets 
are laid down in British Standard 5726 : 1992 which many other countries have 
followed. Within this standard there are two quantitative methods described which although 
use different tracers and methods of generation have been correlated to give comparable 
results in tenns of operator protection. For fume cupboards there is no such standardisation 
and different strategies and test methods have been written in national standards which have 
not been correlated. Both fume cupboards and microbiological safety cabinets have strong 
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similarities in the principle of containment, but the testing methods follow different 
philosophies. 
In this thesis both the fume cupboard and microbiological safety cabinet assessment strategies 
and methods are reviewed. The British Standard methods BS 7258 : 1994 : Part 4 and BS 
5726 : 1992 : Part 1 are studied and their potential use in testing fume cupboards and safety 
cabinets were investigated. These strategies and methods are used to assess the performance 
of a bums unit and 'ultra clean' ventilation system. The use of a non physical method of 
assessment, Computational Fluid Dynamics (CFD), is explored for assessing open fronted 
containment and UCY systems and compared with physical measurements. 
1.4 Kt'y interinl conclusions 
• Contamination control systems have to be assessed in order to determine whether they 
function correctly and continue to offer the required level of protection during use. 
• Different test strategies are used for assessing the performance of contamination control 
systems. It is important that whatever strategies for a specific type of system are used, 
they should yield comparable results. However, this is often not the case. 
• Test strategies for assessing open fronted containment systems, such as fume cupboards or 
microbiological safety cabinets, have potential for testing all types of airborne 
contamination control systems. 
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Chapter 2 Review of performance assessment strategies for open 
fronted containment systems 
2.1 Systenl function and perfornlance assessment strategies 
In order to develop perfonnance assessment strategies for contamination control facilities it is 
important to understand their principles of operation. Open fronted containment systems are 
designed to minimise contamination via the airborne route and this is achieved by controlling 
the movement of the air itself The air flow is determined by certain criteria: 
1) The air flow should be of a magnitude capable of entraining gases and particles and 
suspending them so they can be transported and discharged safely. 
2) It should be of a magnitude capable of withstanding environmental disturbances. The 
general air movement in most work places is of the order of 0.25-0.3 m/s (B.O.H.S., 
1988). This movement is brought about by people and workplace machinery (e.g, fans 
and motors), all of which impart a kinetic energy to the air and cause it to move. This is 
enough to maintain (sometimes for many hours) the suspension of particles with 
equivalent diameters < 100 11m, having settling velocities less than the general workplace 
velocity (App. 1). Particles and vapours/gases, with similar densities to the suspending 
air, once generated will then disperse only because of the motion of the air in which they 
are located and will move with the airflow. Skin scales >5 11m have been found to be an 
important medium by which bacteria may be carried in air currents (Noble et al., 1963; 
Seal & Clark, 1989). Coarse particles, especially those generated with high velocity, will 
not be readily diverted from their natural path and will settle onto surfaces. Heavy 
vapourslgases will tend to sink to the floor. 
Air movement may be exaggerated close to contamination control equipment due to the 
position of room ventilation ducts, doors and thoroughfares. Opening and shutting 
doors can move large volumes of air at velocities between 0.9 and 2.3 m/s (Saunders, 
1993). A person walking at 1 mls at 100 lTIlTI distance from a hot wire anemometer was 
shown to produce an average peak of 0.53 m/s as air was 'pushed' away from the 
person and a secondary peak of 0.3 m/s as air was 'pulled' towards the person 
(Robertson & Bailey, 1980). Higher velocities were obtained when the subject changed 
direction when adjacent to the probe, initial and secondary peaks up to 1.7 m1s were 
recorded. 
3) The airflow should not be so great as to disturb elements of the work process. 
4) It should not be so great as to displace contaminants from surfaces. 
5) It should not be so great as to cause substantial unwanted turbulence and turbulent 
diffusion. 
6) It should not be so great causing discomfort to workers. Too high an air speed can 
cause discomfort by disturbing the natural convective boundary layer which insulates the 
body (Clark, 1973; Clark & Edholm, 1985). 
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The magnitude of the velocity must be balanced so that none of these factors compromises 
the ability of the facility to control the movement of potential airborne contamination. 
However, included in the equation are economic and comfort factors. Some of the above 
factors can be eliminated by proper design and planning. 
2.2 Fume cupboards 
2.2.1 Historical 
The first fume cupboards or hoods were fireplaces, used by alchemists, in which the hot 
fumes generated in the burning process were carried up a chimney. In the 19th Century gas 
burner rings were put in chimney stacks to increase the thermal draft and then with the 
development of motor driven fans, mechanically ventilated fume cupboards were developed. 
These were basically a box enclosing the work area, apart from an opening at the front which 
was adjustable by raising or lowering a sash, and with a hole in the top to which suction was 
applied (Fig. 2.1). 
Airflow visualisation and face velocity were parameters by which the fume cupboard user 
assessed that the cupboard was working as a safety device. It was clear that with such simple 
box cupboards considerable eddy formation occurred (as air moved around the sharp edges 
of the opening) producing vortices which could extend into the fume cupboard, drawing 
contaminants from inside the cupboard into them but which could easily be expelled from the 
cupboard by disturbances in the room environment (Cook & Hughes, 1986). There were 
also large variations of velocity across the face of the aperture and little flow over the work 
surface. A great many of these "box types" offume cupboard were produced and remain in 
use today. 
I I 
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It was realised that the velocity and quality of distribution of the air entering the openings of 




inside to escape. Only in the 1940s, when the importance of fume cupboards as practical 
safety devices was established, developments were made in their design to improve the 
containment efficiency and resistance to environmental disturbances. Attention was paid to 
the smoothness of the air flowing into and within the working area in order to reduce 
turbulent diffusion as a result of boundary layer separation at edges and the aerodynamic 
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Lipfoil 
Figure 2.2 'Modem' features of an aerodynamic fume cupboard and airflows 
Examples of the features included, a tapered extract duct used to extract air evenly across the 
width of the cupboard interior so balancing the velocity through the aperture in the horizontal 
direction: A back baffle was fitted which had slots at the top and bottom to even out the face 
velocity distribution in the vertical direction, encouraging air to sweep across the work 
surface purging any heavier gases or vapours~ sometimes a middle slot was incorporated. 
The shape of the baffle and size of the openings were such as to encourage an even flow 
through the slots and the aperture. A large air recirculating zone behind the sash was formed 
which helped purge this region of air which could be contaminated from hot thermal gases or 
discharges from large pieces of equipment. If the flow through the slots was imbalanced then 
the effects could cause the recirculating region behind the sash to increase and bring air below 
the sash handle or to reduce the quantity of air passing over the work surface (Smith, 1994). 
Faired edges around the aperture were introduced in order to reduce the vortices generated at 
the edges of the aperture due to boundary layer separation as air flowed past them. Lipfoils 
were used which had a similar effect to the faired mouldings on the sides and top of the 
aperture but instead of being flush with the interior were raised with a gap beneath them. 
When properly designed these ensured that air flowed straight into the cupboard with no 
recirculation encouraging it to sweep across the work surface and limiting the effect of any 
obstruction to the airflow by an operator leaning against it (Clark, 1989). Some lipfoils were 
not designed well and enabled air to leak from the working area. The factors affecting 
petformance were the slope, the height of the gap between the foil and the base, and how 
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far it protruded into the cupboard, to allow straightening of the airflow (Saunders, 1993). The 
sash handle could also cause boundary separation at edge of the sash (Robertson & Bailey, 
1980). In order to prevent this, the sash handles were faired to allow a smooth flow of air 
into the work space, eliminating vortex fonnation. 
A bypass was used to allow a variable portion of the room air to flow into the working 
aperture (sash opening), with the objective of preventing excessively high face velocities at 
low sash openings and allowing a constant total exhaust air flow irrespective of sash opening. 
An auxiliruy air supply was introduced near to the aperture of the fume cupboard so that the 
amount of room air exhausted by the fume cupboard was reduced. With variable air volume 
(V A V) systems the extract volume flow rate from the cupboard varied with the height of the 
working aperture so that the face velocity remained constant at any sash position. In a semi 
V A V system the fan speed was set at selected working aperture heights in order to maintain a 
constant face velocity. 
With regards to safety, the larger the size of the opening then the greater the possibility of 
eddy formation as a result of cross draughts (Cook & Hughes, 1986). The depth of the work 
space was also considered important with respect to establishing airflow movements through 
the cupboard. The shallower the work space, then greater was the "bounce back" of air from 
the back wall and the less space the operator had to work in, forcing them to work near the 
front. 
2.2.2 Review of test methods 
An early philosophy was that the higher the velocity at the face of the cupboard and the 
smoother the flow then the greater the containment (Hughes, 1980). This was especially true 
when unfavourable environmental conditions existed (Caplan & Knutson, 1982)~ However it 
was also shown that turbulent diffusion played a major role and containment could be related 
more to the volume flow rate than the face velocity (Roach, 1981). It was realised that face 
velocity measurements were not sensitive or reliable enough for measurement of actual 
exposure and that quantitative assessment of the containment efficiency of the fume cupboard 
was required. 
The tests which subsequently developed had differing philosophies but ultimately assessed the 
efficiency of the fume cupboard (regarded as a partial enclosure) to contain fumes. The ideal 
test was to measure the efficiency of the cupboard to contain those fulnes which were directly 
of concern. However, since the range of chemicals used and procedures carried out in a 
cupboard were so diverse this was impossible, and did not give the manufacturer or general 
user enough information on the cupboard design and installation. Further, the tests developed 
had to be repeatable so that fume cupboard design and installation could be standardised 
(Table 2.1). Tests carried out on installed cupboards gave absolute measurements of the 
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Standard British U.S.:\. SA1\L\ LF 10 1 no & ( ,':I111an Dutch Australian J'n:nch 
BS 7258: 1994 ASIIRAE 110: IIN1 DIN 12 1)24 : 1991 DS 457: I n() AS 2243.8 : 1992 1\ F X 15 203 & 206 : 1987 
Sash position NOIl11al working sash Fully op.:n sash. Clos.:d, In op.:n & fully op.:n A'i us.:d Fully open sash No data given 
Dynamic sash. sash. 
2 dynamic sash.:s. 
Flow/velocity E:\1ract !low or velocity as Vdocity as sp.:cili.:d by Extract flow as sp.:cifi.:d by Extract flow as sp.:ciji.:d by Overall average ~0.5mJs. Overall average <::O.5m/s. 
sp~cifi~d by purchaser. purchas.:r. purchas.:r. purchas.:r Individual measurements within Individual measurements within 
Individual readings "850 0 of the Individual r.:adings i 150 0 oCthe ±20 % overall mean. ± 20 % overall mean. 
overall mean face wloeity for owrallm.:an rae.: wloeity. Fluctuations at a point <20% 
typ~ test and "800 0 at record average, if >20% record 
conmlissioning. max. &min. 
Velocity test Hot wire for typ~ and Use S..-VdA LF 10 19XO. none none Thermal anemometer or rotating no data given 
conu11issioning. rotating vane for Calibrakd an~ll1oll1d.:r. vane if used with care. 
maintenane~. I ~qually spaced m~asur~m~nU Complex grid or abbreviated test 
Complex grid for type and square foot in the plane ofth~ using 5 points in the plane of the 
conunissioning, 9 point for aperture. Normally 9 readings. sash. 
maintenance in the plane of the Average face velocity. 
sash. 
Smoke/fog test Suggested for conunissioning. TiCl4 no no Complex smoke test no 
Equipment loading no no yes As used no no 
~bnikin no y~s. with nose in plane of hood yes, -250nun from sash. Operator no no 
front. 
Tracer gas/injection 10% SF6 & 90% N2 100 0 0 SF6 or R-12 10% SF6 & 90% N2. Any gaseous pollutant not no no 
rate 211minlm sash width. 1-4-8hnin fixed 3.331/minlm sash width. normallv present. 
Injector type 30 nun dia. P40 sintered glass Entraining/mixing type. Entraining/mixing type. Not specified no no 
funnel Overall 127nun dia. 294nun 90mrn dia. 465 nun high. 
Non-entraining/mixing. height. Positioned centrally on work top 
Positioned at 6 locations at Positioned at 3 locations on 200mrn from sash. 
150nun from sash. work top at 150nun from sash Typical velocity < O.Im/s. 
typical velocity < O.Im/s plane. 
T~cal velocity < O.Im/s. 
Sampling Variable no. of tubes distributed 1 sampling probe located close 20 sampling futmels distributed 1 sampling probe located close no no 
across the plane of the working to nose level and in the plane of across a plane parallel to and to the breathing zone of the 
sash aperture. the hood front. 100nun away from the fully operator. 
Grid overall sampling @ 21/min 3 sampling positions open sash. Local sampling. 
±5%. local sampling. Grid overall sampling@ 
301lmin. 
Tracer sampler Sensitive to 1 ppb ± 10 %. Sensitive to 1 ppb ± 10 %. Infra-red analysis. Not specified no no 
Normally by infra-red analysis. Normally by infra-red analysis. 
Expression of results 6 tests. No specific requirement. 3 tests. Max. of mean escape 3 tests repeated for each of 5 Not specified 
Mean escape concentration concentration in ppm. conditions. Mean and rms 
reconunended. escape concentration. 
---
Table. 2.1 Methods for measuring the performance and efficiency of laboratory fume cupboards in terms of operator protection. 
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petfonnance in that environment but did not necessarily indicate failings in the cupboard 
design. Tests carried out in a controlled environment ("type tests") allowed comparative 
testing between fume cupboard types and designs and provided a reference for petformance 
offume cupboards when subsequently tested 'on site'. 
The quantitative assessment of futne cupboard performan~eveloped in the late 1970' s both 
in the UK and the USA. The requirement was a test method that could be standardised to 
give reproducible results. The Inain emphasis was to assess the effect on fume cupboard 
petformance (mainly of the need, in large institutions, to reduce running costs) by reducing 
the amount of make-up air from the room being extracted through the fume cupboards. The 
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 
commissioned a study on fume cupboard performance and a test method was published in 
1978 as an ASHRAE document RP-70 by Caplan. From this work it was shown that 
excessive face velocities were not needed and a recommended face velocity of between 0.3 
mls and 0.5 m/s was published in 1982 by the American Conference of Governmental 
Industrial Hygienists (ACGlli) as providing acceptable and safe operating conditions. The 
report was proposed as Standard 110-P in 1982 and published in 1985 as ASHRAE 110-
1985 and revised in 1993. 
The test method described in the report involved the release of a tracer gas, 
dichlorodifluoromethane (R-12), or sulphur hexafluoride, SF6, from within the cupboard and 
sampled in the breathing zone of a manikin positioned erect in front of the fume cupboard 
(Fig. 2.3). This method could be used on site or as a 'type test' in a controlled environment. 
The test method was near to an absolute test of containment on site and selVed as a 
comparative test when type testing, i.e. comparing the performance of one type of cupboard 
with another or the effect of changing environmental conditions. 
The quantitative test method published in the German standard, DIN 12 924, was similar to 
the ASHRAE standard. Tracer gas (SF6) was released in the fume cupboard but instead of 
sampling in the breathing zone of the manikin, samples were taken through a vertical grid of 
probes in a plane 100 + 10 mm outside of the plane of the working aperture (Fig. 2.4). A 
manikin was used to simulate the presence of a worker and standard items of equipment were 
placed inside the fume cupboard at set positions. This test measured leakage into the room 
from the aperture and not what entered the breathing zone. This method could be used on 
site or as a 'type test' in a controlled environment. 
In 1982 British Standard document BS 3202 for fume cupboards was revised and published 
as a draft for development, DD 80, which included a proposed method for quantitatively 
assessing fume cupboard performance. This was later published as BS 7258 : 1990 in which 
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Fig. 2.3. Arrangement of equipment for the USA fume cupboard containment test (ASHRAE 110 : 1993). 
o o o o 
o o 
o 
Fig. 2.4 Arrangement of equipment for the Gennan fume cupboard containment test (DIN 12 924 : 1991). 
I 
______ . -t. _ _____ _ 
Fig. 2.5 Arrangement of equipment for the British fume cupboard containment test CBS 7258 : 1994). 
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there were no recommendations for face velocity, only guidance that it should not be below 
0.3 mls and that 0.5 mls may be necessary. BS 7258 was revised in 1994 but the face 
velocity remained the same. In 1990 the BS 7258 document had a draft method for 
quantitative assessment (DD 191) which was adopted in 1994 as Part 4 of BS 7258. This 
test method was proposed as a 'type test' in a controlled environment with no equipment 
present inside the fume cupboard or obstructions to the air flow. In this test (Fig. 2.5), tracer 
gas (SF6) was released in the fume cupboard and samples taken from a vertical grid of probes 
in the plane of the working aperture. Because of the sampling position, any tracer gas 
sampled indicated the potential for the facility to leak rather than THE ACTUAL 
LEAKAGE. 
In summary. the ASHRAE 1 10 quantitative test method gave an estimate of the dose an 
operator would breathe when working in front of the fume cupboard, the DIN 12 924 gave 
an estimate of the level of leakage of tracer into the room and the BS 7258 test method gave 
an estimate of what tracer could potentially leak out from the plane of the working aperture. 
The philosophies of the tests thus varied from those that relied on the sampling of exposure of 
the operator and those that tended to estimate the design of the cupboard in terms of the 
potential and position of leakage. Thus comparison of the results from each test method was 
difficult, if not impossible, as the magnitude of any actual or potential leakage changed 
depending on the sampling position and the effect of dilution. 
A method similar to the ASHRAE 110 test method was developed for' on site' testing while 
the operator was working at the fume cupboard (Ivany et. aI. 1989; Diberardinis et. aI. 1991). 
This method used a different gas injector device than the ASHRAE injector and the sample 
probe was worn by the operator so that any leakage was monitored in the breathing zone. 
This test was for absolute measurements of the cupboard performance and therefore could 
not be used for comparative testing of type or condition as there was no control over any 
confounding variables which could affect the fume cupboard performance. 
Another method was developed by Bicen (Invent UK Ltd.) using the testing philosophy of 
the British Standard recommended method. In this method, gas tracer was discharged inside 
the cabinet in the same six positions as in BS 7258 but using an injector similar to the 
ASHRAE and DIN types. Sampling was carried out in the plane of the sash in a localised 
grid 300 x 300 mm square with 9 samplers and the whole apparatus could then be moved to 6 
separate positions. This method, like the BS 7258 recommended method, measured what 
had the potential to leak rather than what actually did leak. 
2.2.3 What strategy for inclusion into BS 7258 : 1994? 
There was much protracted discussion between fume cupboard manufacturers, health and 
safety experts and academics as to the usefulness and complexity of qualitative, semi-
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quantitative and quantitative test methods for assessing fume cupboard performance and their 
inclusion into national standards. Ultimately it was hoped that an internationally recognised 
standard test method and reporting system for assessing fume cupboard performance would 
be developed so that results could be compared regardless of their origin and that various test 
methods could be used, compared and correlated. However, due to the variation in the test 
methodology between countries, and especially with respect to the British Standard, this left 
the picture a confused one with no definite test method and an industry still questioning the 
validity and usefulness of many of the procedures. 
Initially, there was opposition and mistrust by manufacturers to the principle and reliability of 
a quantitative containment test being incorporated into a British Standard, so they continued 
with the measurement of face velocity and its distribution across the fume cupboard aperture. 
However, this attitude was changing as more reliable quantitative methods were developed, 
\vhich showed, time and again, that face velocity did not correlate with the level of 
containment. Also, there was increasing demand from the purchaser that the fume cupboard 
should give a performance that could be used in risk assessment as part of COSHH (1988). 
In the preparation of B S 7258 : 1994 there was research put into the development of testing 
strategies and the inclusion of a quantitative test for containment. The available national 
standards were compared in an attempt to use the best parts and also to develop new 
methods. However, a containment test method could not be entirely agreed which led to a 
British Standard in which emphasis was still placed on face velocity testing with only the 
recommendation of a containment test. 
Qualitative information such as visualisation of airflow within fume cupboards was said to be 
of questionable value (Whitelaw, 1993) but nevertheless this, and other semi quantitative 
tests, could point to areas of poor cupboard performance. Quantitative testing was the focus 
for identifYing specific measures of performance. Airflow visualisation and face velocity 
measurements could indicate "good" and "better" performance, but did not quantifY 
performance and thus could not indicate what was best. However, in this respect not carrying 
out a qualitative test and just using quantitative assessment could waste time and be 
expensive. A large percentage of fume cupboard problems could be solved with basic 
instruments and devices that every safety or occupational health group should have 
(Saunders, 1993). 
The emphasis on face velocity testing varied between the available national standards and 
other suggested methods. The British and Australian standards still specified a complex 
arrangement of measurements positions~ the performance of the fume cupboard being 
assessed by the stability of the airflow. Other standards used a coarser grid for measurement 
of velocity in order to establish a face velocity and an indication of gross variation across the 
face. The more velocity measurements made over the aperture then the more accurate would 
be the result. Single or small numbers of flow measurements were of limited value 
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(Whitelaw, 1993). However too many points and readings were considered impractical and 
comparing the commissioning grid with the type test grid showed no significant difference 
(this thesis), and a reduced grid of9 points was shown by Bicen (l993fto differ by only 2 - 3 
%. The accuracy of the anemometer was expected to be in this region and expected to be no 
more than 10 % accurate reflecting the instrument, the user and the fluctuation of the room 
conditions (Saunders, 1993). 
In tenns of designing, type testing and installing a new cupboard, it was said that the type test 
lacked spatial resolution near to the boundaries (Bicen, 1992). In this region, depending on 
the design, greater turbulence would be expected and a higher velocity where the air flowed 
over 'aerodynamic' features. The type test was suggested to be used only for assessing the 
quality and distribution of the airflow into the cupboard and not linked to the perfonnance 'on 
site' using the commissioning test. This should just be used for setting the face velocity and 
to which further tests results could be compared. The link between type and 'on site' 
perfonnance should ultimately be made using a quantitative containment test. 
It \vas suggested that a measure of turbulence at the face of the aperture would be more 
representative of cupboard perfonnance than merely the averaged face velocity and variation 
across the aperture; turbulence possibly being a means by which leakage may occur (Bicen, 
1993r It certainly seemed from the literature that turbulence did follow leakage. As 
observed by Fletcher & Johnson (1 992Ywith high turbulence there may be high leakage but it 
was also shown that leakage could also occur in regions of low turbulence. Draughts were a 
cause of large fluctuations in the measurement of face velocity but the effect on the mean 
velocity at that point was weak and did not necessarily show up as variation across the 
aperture. To this end it was concluded that individual fluctuations should be part of the test 
and a measure of turbulence made (Bicen, 1992; Saunders, 1993). 
This raised the question as to what anemometer should be used. The use of a rotating vane 
anemometer was derided by a number of people for use with fume cupboards because of its 
level of insensitivity and inaccuracy at velocities below 0.3 mis, its slow response time and its 
bad spatial resolution (Sec. 2.7.1.1). This was exaggerated by the recommendations in BS 
7258 : 1990 for routine maintenance in which the potential error and recommended values 
could lead to low face velocities. The rotating vane anemometer though could be valuable 
and practical in being used to monitor face velocity with only a few measurements giving an 
area averaged figure. However for measurements of velocity fluctuations at a point then 
thennal anemometers were to be used with their better overall characteristics and faster 
response times. 
There was also argument about the type of thennal anemometer used, omni-directional or 
semi-directional? The BS 7258 : 1990 : Part 1 specified an omni-drectional probe. However, 
with omni directional sensors it was reported as being unclear how well they indicated the 
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true face velocity of hoods as they were not sensitive to velocity direction (being mainly used 
for measuring wind and draughts) (Bicen, 1992). It was said that they may be used in the 
controlled and well defined environment of a test room, but on site, where there may be 
variations across the face due to environmental disturbances, velocity direction was more 
Important. 
Following the discussion of the virtues of face velocity measurements the general observation 
then was that a containment test should be the main part of performance testing. However, 
as the procedures previously used in the UK, USA and Germany were substantially different, 
questions were asked~ what should be the type and position of the source and samplers~ what 
flow rates for both challenge and sampling should be used~ what tracer should be used~ and 
what measuring instrument should be used? 
The tracer substance most cOlnmonly specified was sulphur hexafluoride which could be 
measured to part per billion levels. There were two main methods of its release within the 
fume cupboard in order to mix it with the cupboard interior. It was shown that for leakage in 
the lower part of the aperture, an increasing gas density would result in an increase in the 
measured leakage (Fletcher & Johnson, 1992:t. The BS used a scintered glass funnel to 
distribute a gas mixture of 10 % SF 6 in nitrogen so as to reduce its density and release it at a 
flow rate of - 0.1 mls. The other methods sought to use a device which ejected the gas at 
high velocity in order to entrain air from the cupboard and then pass it through a diffuser, so 
producing a near neutral buoyancy. It was observed that gas escaped from the DIN injector 
as a jet with velocity of 0.5 - 0.8 mis, extending several diameters above the mesh whilst a 
smaller, lower speed emission occurred around the top of the mesh side walls (Fletcher & 
Johnson, 1992)~ 
The tracer gas discharged from the funnel was still slightly heavier than air (s.g. 1.4) and was 
shown to sink around the BS funnel (Fletcher & Johnson, 1992)~ The German type injector 
as used in DIN 12 924 mixed air and the tracer so making it effectively buoyant and 
dispersing it within the fume cupboard. 
Further experience showed that the position and type of the source within the cupboard 
interior affected its distribution and could have an important effect on leakage. As leakage 
could be very 10caIised~ the closer the source was to the leakage then the greater the leakage 
(Fletcher & Johnson, 1992)~ Results from using single probes and the BS injector indicated 
that gas levels in the plane of the sash were highest at locations close to the injector source 
(Bicen, 1992). With the BS funnel and the DIN injector at the same position, the DIN type 
resulted in lower gas concentrations in front of the cupboard and the repeatability of results 
was claimed to be much better than that of the funnel (Bicen, 1992). It was suggested that 
the DIN injector gave better mixing inside the cupboard. However in the standard test, the 
tall German injector was shown to present a lTIOre severe challenge in the region of the sash, 
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because of the relatively high speed ejection of tracer gas, whilst the BS source used in 6 
positions around the aperture identified inherently weak spots as far as containment was 
concerned (Fletcher & Johnson, 1992)~ It was also commented that leakage using the DIN 
injector was generally higher than those found with the BS funnel. There was no comment 
on the ASHRAE injector. 
The flow rate of the tracer also had to be considered. It was shown that if a leak was 
occurring, then increasing the flow rate of tracer gas also increased the measured leakage 
(Fletcher & Johnson, 1992f Bicen (1991)b showed that an increase in SF6 concentrations 
detected in front of the cupboard increased in an almost linear fashion with the release rate of 
the test gas. However, if there was no tracer detected then this did not necessarily mean 
increasing the injection flow rate would result in gas being detected suddenly. 
The flow rate selected was normally based on simulated 'in-use' conditions. As a guide, if 
water boiled on a 500 watt hot plate, the rate of vapour released would be approximately 8 
lImin (Saunders, 1993) and the amount of solvent vapour released while pouring acetone, 
chloroform or toluene from one beaker to another would be approximately 1 lImin. For the 
ASHRAE test the flow rate was 1, 4 or 8 lImin, for the BS test 2 lImin per m cupboard width 
and for the DIN test 3.33 lIrnin per m cupboard width. Fletcher & Johnson (199Z)thought it 
more reasonable to assume that leakage from a cupboard would be related to the 
concentration of tracer in the cupboard and hence, in order to maintain the same test 
concentration, the influencing factor should be the ratio of the volume of air flowing through 
the cupboard to the challenge gas flow rate. They proposed to modify the tracer flow rate to 
10 Q lImin where Q was the volume flow rate through the cupboard. However, there was no 
evidence that the working volume of a cupboard became fully mixed with tracer, and in 
regions of poor scavenging, tracer may concentrate and localised leak would be exaggerated. 
As discussed earlier, the concentration of gas measured further from the source reduced if 
internal mixing was not complete and instantaneous. For a grid as used in DD 191, the 
probes located further away from the source tended to dilute the sample giving a grid 
averaged reading over the aperture and a reduction in overall levels. It was proposed that the 
sampling positions should be localised to the source and a fixed injection flow rate used 
(Bicen, 1992, 199Jf. The whole apparatus then being moved over the aperture width, rather 
than just the source. 
The sampling grid was important and the form and positioning was equally as diverse as the 
type and positioning of the source. As discussed earlier, the BS test sampled in the plane of 
the sash and measured potential leakage, whereas other methods measured actual leakage at a 
distance from the sash plane. This was dependent on the philosophy of the test and perhaps 
was the most fundamental difference between them. It was shown that if tracer gas was 
detected in the plane of the sash, sampling further away from this plane resulted in a decrease 
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in the concentrations measured. Bicen (1991~ 1992) showed that tracer gas detected using 
the DD 191 grid was not detected with the DIN 12 924 grid. In some cases, tracer gas could 
be represented to the plane of the aperture and never escape into the room but be entrained 
into the air flowifl,9 into the cupboard. This would be detected by the BS test and a 
containment factor applied. The DIN test would measure no actual leakage and another 
factor applied. Attempts were made to correlate this with exposure for COSI-llI assessment 
and to correlate the two test methods based on accepted dilutions of a tracer with distance. 
However, this could only be worked one way, the assumption that what was measured using 
the DIN grid would also be sampled by the BS system but giving higher values. The 
converse was not possible because the detection of gas in the plane of the sash did not 
automatically mean there was a leak. It could be argued that the BS system was more 
stringent as it measured not only what would leak out but also what could potentially leak 
out. Whether this was an advantage or not was questionable. 
The type of sampling probe also varied. The ASHRAE method used a single probe in the 
breathing zone, the DIN method used funnelled probes and the BS method straight probes. 
The governing factor with the DIN and BS tests was that the sampling flow rate was 
expected to approach isokinetic sampling and with a suction velocity of the order 0.1 mls. 
Fletcher & Johnson (1992) pointed out that as the flow into a sampling probe was in the 
opposite direction to the general flow, this was somewhat irrelevant and presumably was 
meant to imply low velocity. The funnelled sampler was suggested in order to maintain a low 
velocity over the enlarged area removing the need to specify a suction velocity completely 
(BiceI\ 1992). 
The instrument used for sampling had to be able to sample to the part per billion level. The 
main factor which dictated the choice of instrument then was the price and portability of the 
system. This was narrowed down to infrared analysis and electron capture devices. Both had 
problems but the infra-red device was preferred because of its selectivity to the tracer gas 
used whereas the electron capture could be influenced by any electron capture gas. However, 
the infra-red analyser characteristics had a sudden increase in concentration, followed by a 
long exponential decay period which was a function of a large measuring cell. The electron 
capture device was instantaneous with no decay periods. The B S method of sampling would 
seem to favour collection into a bag and subsequent sampling of the contents at the end of the 
test period, i.e. single weighted averages. This would give the mean concentration but not 
max. or min leakage's and real time recordings have been shown to provide more information 
as to the periodicity of the leakage. 
The overall sampling time was also discussed. The DD 191 method required a sampling time 
of 780 s. The initial 180 s in which no measurements were recorded was the time during 
which the mixing of the test gas inside the cupboard was allowed to take place. The DIN 
method required a 500 s test time for the static test and 600 s for the dynamic test. The 
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ASHRAE test duration was 600 s. Fletcher commented that leakage may take place, not as a 
continuous process, but in a series of pulse releases. Because of this latter feature, the 
impression sometimes fonned was that the measurements themselves gave rise to non-
repeatable results, but in fact environmental disturbances instead were more likely to be the 
cause of such variability. Bicen (1992) commented that the nature of leakage from the 
cupboard was characterised with unsteady or intermittent bursts with 300 s or more intervals 
during which no leakage occulTed. In these cases much longer sampling times (» 300 s) 
were suggested to achieve statistically meaningful results and to improve repeatability. 
Increasing sampling time to 900 s or more was proposed to reduce uncertainty and improve 
the repeatability by 50 % or more. However Saunders (1993) reduced the test duration when 
using the ASHRAE method to 5 minutes as in his experience he had seen most cupboards to 
indicate poor perfonnance in the first 3 minutes. A few showed signs of failure in the 4 th or 
5th minutes only. 
There was much discussion about mechanisms and magnitudes of leakage and detection and 
what level of perfonnance a fume cupboard should have. In the USA the ACGIH suggested 
that a hood tested using the ASHRAE method at an injection rate of 4 IImin and 'as 
manufactured' should have a control level not to exceed 0.05 ppm. For hoods tested under 
'as used' conditions the control level should be 0.10 ppm. In the BS there was no 
recommended level except that suggested by Bicen (1993f, summarised in table 2.2. For the 
DIN test the permitted values were as shown in table 2.3. Considering that in the ASHRAE 
and DIN tests measurements were made a distance away from the plane of the aperture and 
that the DD 191 test measurements were made in the aperture plane, then the recommended 
BS measurements were very strict. 
Escape concentration 
Cmean highest position Cmax highest position 
excellent <0.005 ppm <O. OlO22m 
~ood 0.005-0.020 ppm 0.010-0.040 ppm 
average 0.021-0. 1 00 22m 0.041-0.200 ppm 
below average 0.101-0.200 ppm 0.201-0.400 ppm 
Table 2.2 Recommended values for BS 7258 : 1994 : Part 4 (Bicen, 1993)" 
Position concentration 
limiting max SD 
closed 0.2 ppm 0.6 ppm 0.06~m 
1/3 opened 0.5~m 1.5 ppm 0.15 ppm 
open (comp_lete) 0.8 ppm 2.4 ppm 0.24 ppm 
open 113 in lOs 120 s decay time 1.5 ppm 
open fully in lOs 240 s decay time 4.0 ppm 
Table 2.3 Permitted values for DIN 12 924 
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The face velocity was shown not to correlate with contaimnent, and lower face velocities 
would be expected to be more sensitive to environmental disturbances. However, it was 
found that the containment of some cupboards could be influenced by face velocity but in 
others, reducing the face velocity had no effect or even resulted in improved contaimnent. 
Fletcher & Johnson (1992)bshowed that a measured leakage did not necessarily decrease with 
increasing face velocity, even if the cupboard was unobstructed. Very high leakage rates 
found at low velocities felI quickly with increasing face velocity only to rise again before 
falling steadily. Thus generalIy an improvement on contaimnent at all velocities by design 
would be the preferred solution, and as there was no specified face velocity in the BS then 
containment testing should be carried out at several face velocities. 
Fletcher & Johnson (1992ffound leakage near to the sash in tests using the DD 191 method 
on some cupboards, and for distances greater than 20 mm from the sash the concentration fell 
quickly. The leakage concentration was much steadier closer to the sash than at the distance 
of 50 mm as specified and the grid was modified so that probes were 15 mm from the edges 
of the \vorking aperture. It was suggested that leakage would only be found near the 
periphery of the working aperture and it seemed likely that for an unobstructed cupboard 
measurements need only be made there. 
A frequent comment was that although the type test and the commissioning test showed how 
a new cupboard could operate, the tests had little bearing on the 'in use' case in which the 
environment played an important part in stable operation (Caplan & Knutson, 1982t The 
DIN test approached this by having a dynamic test in which the sash was opened and the 
containment level measured. There were also blockages caused by equipment inside the 
cupboard and a manikin outside to obstruct the air flow. Bicen (1991)1, did work using a 2 
dimensional blockage and the BS 7258 test method and found that the blockage positioned 
close to, and in front of the sash, caused significantly increased levels of SF 6 to be sampled in 
the plane. Moving the blockage away from the sash plane dramatically reduced the SF6 levels 
by three orders of magnitude (150,280 and 400 mm away) ; the position of the manikin (as 
used in the DIN test at 250 mm away) had a relatively weak influence on contaimnent. In this 
study by Bicen it was also concluded that the presence of test equipment inside the cupboard, 
as in the DIN test, would have no significant effect on contaimnent. 
However, it was still suggested that some form of chalIenge was needed in the type and 
commissioning stages of testing. Saunders (1993) recommended cardboard boxes and paint 
cans be used to simulate the effect of equipment and that the ASHRAE test be performed 
with people present and walking past the front of the cupboard and behind the manikin. 
Robertson and Bailey (I980) concluded, using the DD 191 method, that whilst people 
walked past, the tracer method was not as effective as the smoke method for indicating the 
escape of fume because of the difficulty in measuring where leakage occurred. 
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Further to the suggestions that type tests and commissioning tests should be changed to 
reflect the 'in-use' situation, there was the routine maintenance test which brought about 
further complications. Cupboards 'on-site' and 'in-use' often were full of equipment wruch 
could not be moved and could not be tested as they were at commjssiorung - devoid of 
equipment. Further to this, once a cupboard had been installed and commissioned, it was 
thef! left to the purchaser to ensure the routine maintenance and operation. The user may 
have had little knowledge of the operation of a fume cupboard; their work practices 
potentially countering containment acrueved by the fume cupboard when tested at 
commissiorung or routine maintenance. The 'in-use' case would then include not only 
equipment blockage and the movement of people around the cupboard, but their work 
practices as well. 
The BS 7258 : 1994 document was eventually published in 4 parts. A containment test 
method could not be entirely agreed upon and the emphasis in the assessment strategy was 
still placed on complex face velocity testing with only the recommendation of a containment 
test included as Part 4 (section 2.2.3). The strategy included a 'type' test and 
'commissiorung' test, the latter a subset of the 'type' test, and a routine maintenance test. 
The prulosophy of the test was all relative, the COl1unissioning test being comparable to the 
type test. The routine maintenance test, using the commjssioning grid, was referable to the 
values at installation. There were no absolute performance values specified, only the variation 
about the mean face velocity as specified by the purchaser and a measure of a decrease in 
performance. Omlli directional anemometers were specified but did not include a measure of 
turbulence. The routine maintenance test used a rotating vane anemometer. There was no 
ruerarchy of testing and only recommendations for airflow visualisation when commjssioning. 
The cupboards had to be empty, there was no ability to assess already installed cupboards 
with no type test information and no dynamic tests. The containment test was that described 
in DD 191 and used the philosophy of sampling in the plane of the sash. 
2.3 Microbiological safety cabinets (class I and class II) 
2.3.1 Historical 
An early version of what is now known as a class I microbiological safety cabinet was like a 
box type fume cupboard. It was an open fronted cabinet, generally designed for use by one 
operator (Fig. 2.6), with a fan and filter system fitted to the cabinet roof Air was 
continuously exhausted from the working space of the cabinet thereby providing an inflow at 
the front operung. The inflowing air was derived from the general laboratory air and the rate 
of entry to the cabinet was designed so that air inside the cabinet's work space couldn't 
escape back into the laboratory. This type of cabinet was designed specifically to provide 
operator protection but not to give protection to the work being handled. Present day class I 
cabinets have not changed significantly. Early class I cabinets had face velocities of 0.25 mls 
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(Wedum, 1953) but this was raised to 0.5 mls (Lind, 1957; Williams and Lidwell, 1957) and 










l1li HEPA filters 
The major difference between the class I safety cabinet and the fume cupboard was the size of 
the opening which was smaller, narrower and fixed. Little was done to smooth out the 
airflows into the cabinet and there was much turbulence, not dissimilar to early box type 
cupboards with no rear baffle. There were recirculation zones behind the sash, and reverse 
flows across the work surface back towards the aperture. Thus potentially contaminated air 
could be entrained from the work surface towards the aperture Early cabinets which had 
vertical apertures with sloping glass viewing panels effectively sat on the bench and invariably 
leaked as the contaminated air spilt out from the edge of the bench surface in similar 
circumstances to box type cupboards. 
With the development of HEP A filters (Whitfield, 1962) it became possible to produce work 
areas in which the amount of airborne particulates could be strictly controlled. This 
technology enabled the development of clean rooms and clean benches. However, in the 
early days, much emphasis was placed on product protection and little on operator protection. 
In response to this, cabinets were designed that could protect both. These were called class II 
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Figure 2.7 Class II microbiological safety cabinet and airflows 
Class IT cabinets were more complex in terms of engineering and airflow patterns than class I 
types and were designed to give a high level of product protection as well as operator 
protection_ Within the working area there was a downflow of sterile filtered air which bathed 
the work area being handled. In addition, air was sucked in at the front opening to provide 
operator protection against any aerosols generated within the working space. In this design, 
unlike the class I cabinet, the inflowing air did not pass across the work surface, but deflected 
downwards through holes in the front part of the base to an air chamber beneath the working 
surface. The downf]ow and inflow air-streams came together beneath the working surface 
and passed to a plenum, generally at the top of the cabinet. Here some 20 - 50 % was 
exhausted and the rest of the air recirculated again through the working area. The air volume 
exhausted was equivalent to that taken in at the front opening. 
2.3.2 Review of test methods 
Microbiological safety cabinets were used to contain aerosols generated while working with 
pathogenic micro-organisms and to filter and discharge safely the effluent air. If the cabinet 
leaked into the workplace there was a high risk of exposure and perhaps subsequent infection. 
Performance assessment was initially carried out using face velocity measurements and smoke 
visualisation as for fume cupboard testing. 
More rigorous testing was prompted by the development of class IT cabinets. Many early 
models were found to have poor performance due to an instability where the downflowing air 
met the incoming air, sometimes to the extent that air either swept across the work surface or 
leaked out (Jones et. aI., 1990). Excessive incoming airflow resulted in room contaminants 
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traversing the inlet grill and contaminating the work. Excessive vertical airflow resulted in air 
(possibly laden with micro-organisms) escaping from the cabinet. 
Quantitative test methods were developed as part of the assessment strategy and involved the 
generation of a microbiological aerosol inside the cabinet and sampling the air outside. This 
was considered representative of the type of substance for which the cabinet was designed to 
contain i.e. a respirable hazard especially microbial. Organisms used were Serratia 
marcescens, T1 & T3 bacteriophages, Escherichia coli and Bacillus subtilis spores. This 
was a sensitive test because one organism may be recovered and due to bio-amplification and 
the uniqueness of the colony of the chosen microbial marker, could easily be identified and 
counted. 
Barkley (1972) proposed to develop a reliable and reproducible test method capable of 
accurately assessing, up to an efficiency of 99.999 % in terms of operator protection, the 
performance of cabinets. In order to achieve this, the aerosol generated had to be of a high 
enough concentration of droplets for the escape of 1 organism to indicate the required level of 
performance, and at a relatively low air flow rate which would not ultimately displace the 
cabinet air. The aerosols created by normal activity were not in a high enough concentration. 
The method developed involved the release of bacterial spores using air driven nebulisers 
within the cabinet and air sampled outside using all glass impingers (AGI) or slit samplers 
The viability of the organism during the test procedure was of major importance. In 
particular, it had to be able to survive aerosolisation and sampling. Bacillus subtilis var. 
niger or var. globigii spores met the desired criteria. The challenge was aerosolised in the 
size range 1-5 11m, which would constitute a respirable hazard, which remained viable for the 
duration of the test and which had easily identifiable orangeibrown colonies. 
In order to simulate environmental disturbances a typical disturbance was required 
particularly at the opening of the cabinet which did not compromise the reproducibility of the 
test. Petersen (1970) concluded that escape of contaminants amongst other factors could be 
due to the movement of the operators arm, or to the airflow around the arm. Barkley (1972) 
used a non-mobile arm placed in the opening of the cabinet to represent this. It was shown to 
cause significant disruption of the airflow parameters at an opening height of 200 mm where 
the arm was at the position where the downward and inward airflows interacted, the effect 
decreasing as the opening height was increased. In order to challenge this site where it was 
considered containment would be most difficult to achieve, the challenge aerosol was 
positioned 100 mm from the opening plane at a height of 250 mm from the base and directed 
at the opening such that the aerosol reached this position. All glass impingers were then 
positioned outside the cabinet around the arm to measure any leakage from the cabinet. This 
was then considered to represent a severe enough challenge which could be controlled and 
reproduced, and was an appropriate test method for evaluating performance. 
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This early work by Barkley (1972) culminated in the production of an American Standard in 
1976 from the US National Sanitation Foundation (No. 49) which covered class II cabinets 
(Fig. 2.8). In 1979 in the U.K. British Standard BS 5726 was published which was similar to 
the American standard and was developed from work by Newsom (1974 & 1976) covering 
class I, II and III cabinets (Fig. 2.9 & 2.10). The main difference for assessing class I cabinets 
was the site considered to be the most vulnerable area where containment would be difficult 
to achieve. This was considered to be beneath the artificial arm and it was in this position that 
the challenge aerosol was generated. This document, for the first time, introduced the 
concept of the operator protection factor (Lidwell, 1960), a method for expressing 
containment efficiency. 
In 1980 an Australia Standard was published (AS 2252) which covered class I and II 
cabinets. This test used smoke for visualisation and for quantitative assessment, the smoke 
\vas released inside the cabinet and air sampled in the plane of the working aperture through a 
single probe. The French standard, NF X 44 201, published in 1984 also used smoke as a 
quantitative method similar to the Australian method. Standard test methods for assessing 
safety cabinet performance and containment were reviewed by Kennedy, 1988 and are 
summarised in Table 2.4. 
It was soon realised that if the test was to be used 'on-site' then in certain laboratories, e g. 
tissue culture laboratories, the generation of an aerosol of microbial spores for containment 
testing would not be tolerated. Furthermore, Serratia marcescens was a 'low grade' 
pathogen and Bacillus subtilis spores were believed to be 'allergenic'. The British Standard 
committee thus sought to develop another test method which did not use spores but would be 
comparable. Clark & Goff (1982) published a method using potassium iodide (KI) particles 
as the challenge (Fig. 2.11 & 2.12) and was based on a method for the investigation of cross 
infection in hospitals by Foord and Lidwell (1972 & 1975tb The equipment used was 
different to the microbiological method but ultimately the philosophy of the test was the same 
and the relative distribution of the equipment unchanged. From their correlation studies with 
the microbiological method there was good agreement with the results from both methods 
(Clark et aI., 1982~ Matthews, 1985). 
The test strategy adopted for BS 7256 : 1992 had a hierarchical structure beginning with flow 
visualisation, face velocity and the main emphasis was placed on a quantitative containment 
testing using either microbiological or potassium iodide aerosols. These tests were used for 
assessing operator protection in class I and II cabinets, and by modifying this method for 
assessing product protection and cross contamination within class II cabinets. The same 
strategy was used for both type testing, commissioning and for routine maintenance. 
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FRONT VIEW SIDE VIEW 
------
------~----1 
Fig. 2. Arrangement of equipment for the USA (NSF 49 : 1983), German (DIN 12 950 : 1991) and 
Japanes ns K ~ 00 : 199~) class II cabinet microbiological containment tests. 
FRONT VIEW SIDE VIEW 
:.', : : . ' . 
Fig. 2.9 Arrangement of equipment for the British class I cabinet microbiological containment test (BS 
5726 : 1992). 
FRONT VIEW SIDE VIEW 
---------
-------------
Fig. 2.10 Arrangement of equipment for the British class II cabinet microbiological containment test (BS 
5726 : 1992). 
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Fig. _.11 Arrangem nt of equipment for the British class I cabinet KI containment test (BS 5726 : 1992). 
FRONT VIEW SIDE VIEW 
Fig. 2.12 Arrangement of equipment for the British class II cabinet KI containment test (BS 5726 : 1992). 
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Standard British U.S.A ( ;~Illlany Japan Australia France 
13S 5726 1992 NSF4919l0 DIN 12 <)50 I ()()J .lAS In) AS 2252.1 & AS 2252.2 1992 rNF x 44201 1984 
Cabinet type Class L II. 1II Class II Class I. I L III Class II Class L rr Class L II, III 
Sash position Fix..:-d sash no infomlation giwn no inl(lIlllation given no inl()nnatioll glvell no infc)nnation gi ven 500 mm from work surface 
Exhaust Exhauskd olltsid..:- or room (class no inflmnation giv..:-n no inl(lIllJation given no inl<lrJllat lOll gi v~n Exhausted to the room no infonnation given 
II) 
Flow/velocity lnflowing air: no inl(mnation given Inllowing air: 110 illl()nnatioll gi ven Inflow 0.5- (Hmls. Individual Inilowing air: 
Class 1. 0.7 - 1.0 Ill!S ± 20°0 Class I. ~ 0.7 Ill/S ± 20"" measurement<; within ±20 % Class I. ± 20% 
Class II ~0.4 m/s. Class II ~ 0.4 Ill's. overall mean. Class II ~ 0.4 mls ± 20% 
Downtlowing air: Downllowing air: Overall mean downflow 0.4 - 0.5 Downflowing air: 
Class II 0.25 - 0.5 m/s ± 20°0 Class II average 0.4 Ill/S ± 20(!o mls. Individual measurements Class II average 0.4 mls ± 20% 
within + 15 % overall mean. 
Velocity test Rotating vane anemometer no infonnation gi"cn Directional air speed indi-.:ator no infollllation giwn Rotating vane anemometer. no infonnation given 
ltillowing air: Inflowing air; For inflow, measure in vertical 
Class I 5 points in plane of sash Class I In plane of sash -.:cntre of aperture in plane of sash, 
Class II Volume flow rate in Class II Volume flow rate in 100 mm gap between vane centre 
exhaust/aperture area exhaust/aperture area across aperture width. For 
Downflowing air: Downflowing air: downflow measure I 50mm 
Class II "Measure 8 points Class II 1\lcasurc 50mlll ahow top downstream of HEPA 
100mm above top edge of edge of aperture 
aperture 
Smoke/fog Visible aerosol (smoke/fog) no infonnation given Visible aerosol (smoke) no infonnation given Visible aerosol Visible aerosol I test 
Obstruction Artificial aml no no ...-\Jtificial ann Artificial ann 2 x artificial anns 
Tracer/release Bacillus subtilis var. globigii Bacillus subtilis var. niger spores Bacillus subtilis var. Marburg no infonnation given DOP DOPor 
rate spores > 107 particles/min. > 1 08 particles/min spores > I 08 particles/min Lactobacillus acidophilus 
Potassium iodide palticles 6 x 108 
particles/test. 
Source Microbiological: Reflux blast Reflux blast nebulizer Microbiological: Reflux blast Microbiological: Reflux blast Laskin type nozzle 140±5KPa at Laskin type nozzle 11 OKPa at 
generation nebulizer with carrier gas velocity particles/min with carrier gas nebulizer with carrier gas velocity nebulizer with carrier gas velocity 30llmin. 28Vmin. 
type < face velocity 100m from sash velocity> face velocity > face velocity 100m from sash > face velocity 100m from sash Class II. Release smoke from tube Low volume nebuliser 61 KPa. 
plane. plane. plane. 25 nun in from. and at right angles Class II. Release smoke from tube 
Potssium iodide: Spinning disc to sash plane. 25nun below 25 mm in from. and at right angles 
generator 100 nun from sash window. Sample in plane of sash to sash plane, 25mm below 
plane. 0.0 1% penetration. window. Sample in plane of sash 
0.01% ~enetration. 
Sampling Microbiological: 4 slit samplers 2 slit samplers and 6 all glass 2 slit samplers (30±3I1min) or 6 4 slit samplers or 4 all glass Aerosol photometer. Aerosol photometer. 
(25-301/min each) or 4 all glass ImplOgers all glass impingers (l2.5±1 IImin) Class II. Sample across grid plane Class II. Sample across grid plane 
impingers (:212.5l/min) <200mm 200mm from sash plane in plane of sash. in plane of sash. 
from sash plane. 
Potassium iodide: 4 centripetal 
samplers 150-160mm from sash 
plane, 100 IImin. 
Performance 5 repeat tests. <5 CFU slit samplers 5 repeat tests. no infonnation given 0.01% penetration 0.03% penetration 
Perfonnance factor> 1 05 <60 CFU impingers <5 CFU slit samplers. 
< 10 CFU/impinger. 
Table. 2.4 Methods for measuring the performance and efficiency of microbiological safety cabinets in terms of operator protection. 
Chapter 2 
2.~ The .state of open fronted containment systems in use - A field survey of fume 
cupboards In terms of type, condition and performance 
F or the purposes of this study it was considered necessary in the first instance to evaluate 
the type, condition and performance of open fronted containment systems. This could be 
used to assess the awareness of people to the operation of such systems and the impact of 
containment testing strategies on performance. 
An opportunity arose to assess subjectively and objectively the installed and 'in-use' fume 
cupboard stock at King's College London (1994-1995). Of the 221 fume cupboards 
surveyed there were aerodynamic and conventional box types, the latter having one, two 
and three sashes, with some opposing (Table 2.5). 309 apertures were tested. 
Number of fume cupboards tested in the survey 221 
Number of tests performed (1 test per sash) 309 
Fume cupboard type Number in survey % of total 
Aerodynamic 61 27.6% 
Box type with single sash 89 40.3% 
Box type with double sash 46 20.8% 
Box type with triple sash 12 5.4% 
Box type with opposing sashes (x2) 8 3.6% 
Portable type with aerodynamic front 4 1.8 % 
Walk-in 1 0.5% 
Table 2.5 Number and type offume cupboards tested 
This work was commissioned as part of a fume cupboard replacement program and 
required a strategy to yield information on those that were not working at all, those that 
had poor performance and those that had satisfactory performance. The assessment 
strategy had to take into account: 
1. The need for a quick performance assessment. 
2. The large number of cupboards involved and the limited time available. 
3. No previous performance figures were available for the majority. 
4. The variation in performance was expected to be large. 
British Standard BS 7258 : 1994 for general purpose laboratory fume cupboards was not 
used as this document was written primarily for the design, installation and follow up of 
new cupboards, and the face velocity method was considered too complex and time 
consuming. A hierarchical test strategy using flow visualisation and face velocity 
measurements was chosen (App.4) based on King's College own methods and British 
Standard BS 5726 : 1992 for microbiological safety cabinets. No test of containment was 
included at this stage because it was considered not to yield any additional information 
and was therefore time consuming and not cost effective. 
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Tests were performed at working sash heights of 2S0 and SOO nun. This height was 
measured from the top edge of either the bench or lipfoil (where fitted) to the lower edge 
of the sash. Where a cupboard had two or three sashes, all sashes were positioned at the 
same working height during the tests, and each face tested. 
Performance tests were carried out for each fume cupboard in the condition in which it 
was found (viz. with whatever equipment was present at the time). No attempt was made 
to alter the environmental conditions around the cupboard and people were allowed to 
enter and leave the laboratory as they wished. This gave an indication of the cupboard 
performance as installed and in working conditions. At the same time the condition, 
cleanliness and blockage were subjectively assessed and recorded as average/above 
average/poor and good/just acceptable/dirty/filthy and cluttered/moderate/minimallnone 
respectively. 
F or airflow visualisation water fog generated by an ultrasonic nebuliser (Kennedy, 1987) 
was used to visualise the direction of air flowing into and within the cupboard. Subjective 
assessment was made and recorded as satisfactory when there was a clear inward flow of 
water fog over the entire aperture/questionable when water fog was shown to linger 
around the lipfoil or sash handle/unsatisfactory when there was substantial leakage of 
water fog back into the room from the cupboard. 
The inflow face velocity was measured with a 100 mm diameter rotating vane 
anemometer (Airflow Developments Ltd.) at six positions equally spaced in the plane of 
the aperture for a working height of SOO mm and three positions for a working height of 
250 mm. The face velocity was expressed as the overall mean of the average velocity 
measured at each position. The variation in velocity across the face was expressed as the 
maximum percentage deviation of the average velocity at that position from the overall 
mean face velocity. 
In order to rank the fume cupboards based on performance the mean face velocity, its 
variation across the aperture and flow visualisation variables were scored using the 
following index 
Velocity: score elocity variation: score score 
>0.5m/s 1 ariation <20% & face velocity ;?:O.Sm/s 1 Satisfactory 1 
<O.S>O.3m/s 2 ariation >20% & face velocity >O.Sm/s 2 Questionable 2 
<0.3>0m/s 3 ariation <20% & face velocity <O.Sm/s 3 nsatisfactory 3 
ariation >20% & face velocity <O.Sm/s 4 
and then these scores were used in the following formula to give each fume cupboard a 
performance grade: 
Grade = Velocity score x Variation score x (Water Fog visualisation score i 
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The lower the grade the better the performance. The water fog score was squared so as 
to give weight to this parameter as it was considered to be a more indicative factor in the 
overall assessment of the fume cupboard performance. 
The main conclusions from the results of this survey (App.4) were: 
• The majority were dirty. 
• The majority were average and above average condition. 
• Very few were devoid of equipment inside when tested. 
• 96.6 % of aerodynamic cupboards had a face velocity> 0.5 mls at a working aperture 
height of 250 mm. 
• 70.2 % of aerodynamic cupboards had a face velocity> 0.5 mls at a working aperture 
height of 500 mm. 
• 86.0 % of conventional cupboards had a face velocity> 0.5 mls at a working aperture 
height of250 mm. 
• 38.5 % of conventional cupboards had a face velocity> 0.5 mls at a working aperture 
height of 500 mm. 
• The effect of raising the sash resulted in a significant drop in face velocity. 
• 93 . ~ % of aerodynamic cupboards had a velocity variation < 20 % at a working 
aperture height of250 mm. 
• 71.6 % of aerodynamic cupboards had a velocity variation < 20 % at a working 
aperture height of 500 mm. 
• 84.9 % of conventional cupboards had a velocity variation < 20 % at a working 
aperture height of 250 mm. 
• 36.9 % of conventional cupboards had a velocity variation < 20 % at a working 
aperture height of 500 mm. 
• The was a significant increase in velocity variation as the sash was raised. 
• The correlation between equipment blockage and velocity variation was not possible 
because of uncontrolled factors (viz. environmental disturbances). 
• There was a significant difference in the velocity variation for aerodynamic and 
conventional cupboards at a working aperture height of 500 mm. However, there was 
no significant difference between the aerodynamic cupboards and the triple sash box or 
opposing side box type cupboards. 
• 87.0 % of aerodynamic cupboards had a satisfactory flow visualisation at a working 
aperture height of 250 tnnl. 
• 30.0 % of aerodynamic cupboards had a satisfactory flow visualisation at a working 
aperture height of 500 mm. 
• 34.0 % of conventional cupboards had a satisfactory flow visualisation at a working 
aperture height of 250 mm. 
• 15.0 % of conventional cupboards had a satisfactory flow visualisation at a working 
aperture height of 500 mm. 
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• The water fog visualisation test was a better indicator of poor performance than either 
the velocity or variation tests. 
• There was a poor correlation between all three measured variables. 
• At a height of 250 mm the majority of the aerodynamic type had a low grade (good 
performance) . 
• There was no real difference between the percentage of aerodynamic and conventional 
cupboards of a particular grade at a working aperture height of 500 mm. 
• There was a significant difference in grade as the sash was raised. 
• The installation and use had a major influence on cupboard performance whether 
aerodynamic or conventional. 
This survey showed that using a simple strategy and methods could yield important 
information on the performance of the fume cupboards without using complex face 
velocity measurements and containment tests. This was due to the large variation in fume 
cupboard performance encountered. There were those that were switched off and did not 
work at all (unbeknown to the user), those in which the variation in face velocity across 
the aperture was extreme, those with very low or very high face velocities, those which 
were cluttered with almost total obstruction of the airflow, those in which the airflow was 
visibly poor due to equipment blockage or to poor siting, and those which were 
satisfactory . 
It was apparent that the majority of fume cupboards in this survey were installed and used 
in a way that was far removed from the ideal conditions of a type test in a test room and, 
perhaps, the conditions at commissioning. There appeared to be little understanding by 
the user of fume cupboard containment, the effects of equipment bulk within it, of 
personnel movement and of environmental disturbances near to the aperture. There were 
also problems in the manner in which make up air was introduced into some rooms, which 
on occasions involved the opening of windows resulting in draughts. 
It was concluded that no real performance assessment strategy had previously been 
applied to the majority of fume cupboards given the diversity of type, condition and 
performance even though the college had its own strategy and BS 7258 was available. It 
was also concluded that for performance assessment strategies to work, the user had to 
know how the facilities functioned and that work discipline was very important. Of those 
that had been tested by the college or to BS 7258, none had been assessed by containment 
testing. 
This was not necessarily representative of all institutions and in those where strict testing 
and user awareness was required, better performance would be expected. This did reflect 
though peoples attitude to an unidentifiable risk, not necessarily treating performance 
seriously. It also reflected the notice given to the available BS 7258 and guidelines which 
did not specify any minimum performance criteria. From discussions with fume cupboard 
34a. 
Chapter 2 
Users in this survey, it seemed that microbiological safety cabinet testing was much better 
received and the user had more respect for its use. This was most probably due to an 
identifiable risk and perhaps to clear performance guidelines. 
2.5 Key interim conclusions 
• A sinlple strategy involving airflow visualisation and face velocity measurements was 
adequate, quick and simple to execute. However, these were not sensitive or reliable 
enough for the measurement of actual exposure and quantitative containment tests 
\vere required. 
• F or assessing the perfonnance of fume cupboards, there were fundamental differences 
in the test strategies of the national standards that were considered. 
• There \vas a close siInilarity between the test strategies of the national standards for 
microbiological safety cabinets. 
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Chapter 3 Study of British Standard, BS 7258 : 1994 performance 
tests for general purpose laboratory fume cupboards 
3.1 Introduction 
For the purposes of this study all work using the test methods for assessing the performance 
of a general purpose laboratory fume cupboard, BS 7258 : 1994 : Parts 1 and 4, were carried 
out in a test room using an aerodynamic fume cupboard. The minimum level of performance 
of a general purpose fume cupboard (part 1) is established by a performance 'type' test, in 
which the pattern and quality of air flow into the fume cupboard is assessed by measurement 
of air velocities in the plane of the aperture carried out in the test room. When the fume 
cupboard is installed on-site other than in the test room, a commissioning test is specified to 
establish that the minimum performance in the type test has not deteriorated after installation. 
Further, a test method is described for the determination of the average face velocity with 
reduced accuracy for routine maintenance. The main difference between the type test and the 
commissioning test is the number of points in the plane of the aperture at which measurement 
of velocity using a thermal anemometer is made. The routine maintenance test differs in the 
number of points at which velocity measurements are made using a rotating vane 
anemometer. At installation it is suggested (part 3) that before commissioning tests flow 
visualisation may be used to identify environmental disturbances. 
For quantitative assessment a method using sulphur hexafluoride (SF6) gas tracer is 
recommended in Part 4 of BS 7258 : 1994. This method is designed to yield standardised 
containment test values and is described as being "dissociated from any direct relationship 
with occupational exposure or short term exposure limits safety values". 
3.2 Test fume cupboard 
The fume cupboard used was made of glass reinforced plastic (GRP) with aerodynamic 
front facia and rear baffle (Fig. 3.1). 
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3.3 Test roonl 
The tests were carried out in a test room built to the specifications ofBS 7258 : 1994 : Part 1 
: B .l.l. The room (Fig. 3.2) consisted of an enclosure of rectangular shape within a factory 
environment. The internal width and length were not less than 4.0 x 4.0 m and the ceiling 
height not less than 2.7 m. The ceiling was level and all internal surfaces were devoid of 









Figure 3.2 Dimensions of test room (Fumair Ltd, Hertford) . 
>4.0 
3.4 Position of input and extract ducting systems in test room and factory 
The supply and extracts to the room are shown in Fig. 3.3. Air was extracted from the test 
room through the fume cupboard and exhausted outside. Makeup air to the test room was 
drawn via the factory shop floor through the main door (Fig. 3.4). 
:?? Supply 
• Ex lract 




Figure 3A Position of test room in the factory, showing supply and discharge points. 
The air was supplied to the test room through a perforated wall opposite the fume cupboard 
in as uniform a manner as possible so as not to influence the operation of the fume cupboard. 
The perforated wall had an open area of9.5 % made up of regular 4 mm diameter holes. The 
air velocity in the room was < 0.1 m/s and at a temperature of 20°C ± 3°C. The input and 
extract were balanced. 
3.5 Flow rate of air supplied to and extracted from the test room 
The flow rate of air into and out of the test room was monitored using Wilson flowgrids 
(Airflow Developments Ltd.). These were installed in the supply and extract ducting and the 
volume flow rate across them was calibrated using the method described in BS 848 : 1990 for 
on-site installations. The velocity pressure was measured by traversing the duct with a pitot 
static tube and then calculating the volume flow rate from the measured pressures. The test 
length was a section of square ducting (300 x 300) upstream of the supply fan and the 
traverse cross-section used was 450 mm upstream of the Wilson flow grid. The calibration 
from the supply fan was used for the extract fan. 
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Figure 3.6 Supply and extract duct pressures when the room is balanced with the factory. 
The calibration curve for volume flow rate and pressure differential across the Wilson flow 
grid were in close agreement with the calculated volume flow rate from the face velocity (Fig. 
3.5). There were slight differences because the flow rate was calculated using the area of the 
working aperture, the open area beneath the lipfoil was not taken into account. The air 
pressure inside the testroom was balanced with the air pressure in the factory by measuring 
the pressure difference across the entrance door with an inclined manometer (Airflow 
Developments Ltd.), and adjusting the supply flow rate accordingly (Fig. 3.6). 
3.6 Distribution of airflow into the test room through the perforated supply 
wall 
Sulphur hexafluoride tracer gas was injected into the supply ventilation and the distribution 
over the perforated wall was measured using a Miran IA infra red gas analyser (Foxboro Ltd., 
U. S.A). The variation in the concentration of tracer gas sampled was between 0.139-0.140 
absorbance units at an analytical absorption wavelength of 10.7 J.lm and pathlength 12.75 m 
indicating a satisfactory pressurisation of the plenum behind the wall and a uniform 
distribution of airflow into the test room. The airflow was < 0.1 mls over the entire wall. 
3.7 Estimation of the ventilation rate of the test room 
At a fume cupboard face velocity of 0.5 mis, the ventilation rate in the test room was 
described by the decay of sulphur hexafluoride tracer gas sampled near to the aperture of the 
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Figure 3.7 Change in gas concentration in the test room during continuous release 0, and its decay •. 
Room Volume V = 45.15 m3 
Mla Volume flow Residence Dilution rate No. air 
rate time TR D changes /h 
Q (m3/s) V/Q (sees) QN (sees-I) 3600/T R (hr-I) 
10 0.21 215 0.005 16.7 
20 0.32 141 0.007 25.5 
30 0.38 119 0.008 30.3 
40 0.41 100 0.001 36.0 
50 0.49 92 0.011 39.0 
60 0.54 84 0.012 42.9 
Table 3.1 Flow rate of air through the test room. 




The anemometer described for use in type testing and commissioning (B.2.1) was an omni-
directional type capable of measuring air velocities between 0.1 m/s and 2.0 mls with a 
response time of the sensor not more than 2 seconds. The required accuracy for an individual 
reading was better than 15 % at air velocities between 0.2 m/s and 1.5 m/s. 
A thermistor type anemometer, T A-2-15 from Airflow Developments Ltd was used in this 
study. It had a shroud covering the sensing head but was considered omni-directional for the 
test purposes. F or routine maintenance purposes the anemometer used was a rotating vane 
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type with a diameter of 100 mm (Airflow Developments Ltd.). Table 3.2 gives a comparison 
between the anemometer types. 
Type Rotating vane Thermistor Hot wire 
Spatial resolution Ion mm diameter 2 -5 mm 2 -5 mm 
Velocity Range 0.25 - 30 mls 0- 30 mls o -5 mls 
Accurac I 0.5-30 mls calibrated better than ± 2% of reading ± 2 % FSD 
(20 C, 1.013 bar) 0.25--l.99 mls ± 0.1m1s 
calibrated better than ± 1% ± 1 digit 
Inaccurate @ turbulence > 10 % > 30% > 30 
Response time > 5 secs > 1 sec. < 0.5 sec 
Table 3.2 Comparison of anemometer types. 
3.8.1.2 Calibration of anemonleters 
The theI11Ustor anemometer had not been calibrated within 1 year of its use. This was not 
considered important, as in the perfonnance tests the variation in velocity over the plane of 
the sash was a performance criterion rather than the mean. The rotating vane anemometer 
used had also not been calibrated within 1 year of its use but on direct comparison with a 
calibrated rotating vane anemometer therewas no significant difference between the readings. 
The mean face velocity measured using the thermistor anemometer did not significantly differ 
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Figure 3 .8 Average face velocity measurements using the methods described in BS 7258 : 1994 : Part 1. 
(Error bars = 1 x standard deviation) . 
3.8.1.3 Position of anemometer 
The anemometer was held in position in the plane of the aperture using a floor standing clamp 
such that it could be moved across the aperture to the required position as prescribed for type 




For type testing and commissioning 12 measurements of air velocity were taken, one every 2 
seconds at each grid point. The average velocity at each grid point was calculated and then 
the overall mean face velocity calculated. For the routine maintenance test (which was 
carried out at the commissioning stage and subsequently at regular intervals) three readings 
were taken over a period of30 seconds (i.e. at intervals of 15 seconds). The average velocity 
at each grid point was calculated and then the overall mean face velocity calculated. 
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Figure 3.9 Grid positions specified in BS 7258 : 1994 : Part 1 for type testing offace velocity. 
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Figure 3.10 Grid positions specified in BS 7258 : 1994 : Part 1 for commissioning offace velocity. 
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Figure 3.11 Grid positions recommended in BS 7258 : 1994 : Part 1 for maintenance of face velocity. 
42 
Chapter 3 
3.8.1.5 Expression of results 
F or the type test the criterion for perfonnance was that the average velocity at any grid point 
was not less than 0.85 times the face velocity. In addition it was specified that the ratio of the 
larger of the velocities at any pair of corresponding points either side of the centre line of the 
fume cupboard aperture to the smaller velocity was between 1.3 : 1. A further test specified 
that the velocity should be measured at 0.8 times the extract volume flow rate used previously 
and that the grand mean of the corrected local average velocities be divided by 0.8. The 
value obtained was specified not to differ by more than 10 % from the grand mean of the 
corresponding velocities detennined at the previous face velocity. For commissioning, the 
criteria for perfonnance was that the average velocity at any grid point was not less than 0.8 
times the face velocity. The objective of the routine maintenance test was to compare values 
measured at regular intervals with those measured at commissioning so that any deterioration 
in perfonnance could be monitored. 
3.8.2 Results 
3.8.2.1 Effect of anemometer orientation with respect to direction of airflow 
Both the thermistor and rotating vane anemometers were shielded. The effect of this 
shielding and orientation with respect to the direction of the air flow on measurements was 
investigated. The thennistor anemometer was rotated about its horizontal axis when 
positioned parallel to the lipfoil and nonnal to the air flow direction (Fig. 3.12). Readings 
were taken in the centreline of the plane of the fume cupboard aperture. It was found that an 
angle of rotation in the direction shown greater than 30 degrees resulted in a reduction in the 
readings (Fig. 3.14). 
. iAI1gle of rotation I 
I : '\ 
• - - +- - - - - - - - -,- - - -
: 1 
~-:--------------------j 
(Not to scale) 
~ - pirection of airtlow 
Figure 3.12 Orientation of thermistor anemometer. 
The vane anemometer was rotated about its vertical and horizontal axis as shown in Fig. 3.13. 
It was positioned 70 mm above the horizontal centreline of the plane of the fume cupboard 
aperture and in the vertical centreline. In this case an angle of rotation greater than 40 
degrees resulted in a decrease in measured velocity (Fig. 3.14). When the vane was rotated 
about its vertical axis there was still some influence even when parallel to the direction of the 
flow i.e. at 90 degrees to the plane. 
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Figure 3.13 Orientation of rotating \'ane anemometer. 
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Figure 3.1-t Effect of anemometer orientation on velocity measurements in the aperture plane. 
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Figure 3.15 Response time of a rotating vane anemometer to reach steady readings from zero. 
From zero flow the average time taken for the rotating vane to reach a steady reading of ~ 
0.45 mls as measured in the plane of the fume cupboard aperture was some 15 seconds (Fig. 
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3.15). The response time to fluctuations in velocity of the air flow therefore would be 
expected to be somewhat better than this. This indicated an average reading integrated over 
the whole of the vane. 
3.8.2.3 Type test 
As shown in Table 3.3, the perfonnance of the aerodynamic fume cupboard tested was within 
the specifications ofBS 7258 : 1994 : Part 1. 
3.8.2.4 Conlnlissioning test 
As shown in Table 3.4, the perfonnance of the aerodynamic fume cupboard tested was within 
the specifications ofBS 7258 : 1994 : Part 1. 
3.8.2.5 Routine maintenance test 
The perfonnance of the aerodynamic fume cupboard tested using the routine maintenance 
test as recommended in BS 7258 : 1994 : Part 1 is shown in Table 3.5. 
3.9 BS 7258 : 1994 : Part 4. Use of a "method for determination of the 
containment value of a laboratory fume cupboard". 
3.9.1 Method 
3.9.1.1 Tracer gas 
The tracer gas, sulphur hexafluoride (SF6) has a low solubility in air and water, is colourless, 
odourless, chemically inert, thennally stable up to 500°C, non-explosive, non-flammable and 
non-toxic. It can be detected to parts per trillion (ppt) level using gas chromatography with 
electron capture; the measured background concentration in the atmosphere being around 
0.548 ± 0.014 x 10-12 molll (Watson & Liddicoat, 1988). It is a heavy gas and as 
recommended in BS 7258 : 1994 : Part 4 was diluted 100/0 SF6/90 % N2 to have near neutral 
buoyancy when released in air. 
F or air at standard conditions, 101. 3 KPa Abs., 21°C: 
Specific gravity (sg): SF6 = 5.11; N2 ~ 1; 10 % SFG/90 % N2 = 1.411 
Estimated density: 10 % SF(j90 % N2 1.7 kg/m3 
10 % SFrJ90 % N2 (BOC Special gases) Cylinder size L (200 bar) 
Certified calibration: 9.999% 
Cylinder fill capacity ± 5 % 
Stratification of the gases in the cylinder was not expected to occur if stored above 15°C 
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Table 3.3 Distribution of average velocities across the aperture when measured in the plane of the sash, using the 
grid as specified type test in BS 7258 : Part 1 : 1994. (2 Tests) 
Anemometer - Airflow Developments Ltd. TA-2-1 5 (thermistor type) 
Overall mean t:1ce velocity os~ mls (SO 0 l~ mls) 
~ !mimum average velocity at a grid point 044 mls = 85 °"0 overall mean !llce velocity 
(Figures in small type are SllUldard deviation of 12 measurements from aveo'!:e rakuh~ed) 
0.47 0..18 0.55 0.52 0.49 0.48 0.47 0.51 0.44 
0.1 0.06 0.08 o.os II 06 0.04 0.04 00(, o Of, 
0.48 0.52 054 0.49 0.48 0.50 0.50 0.53 0.57 
11.\)9 0.05 o lI.J oos 0.05 0.03 0.112 0.02 o 1}4 
0.57 0.55 0.52 0.50 0.49 0.50 0.50 0.52 0.61 
0.05 00-1 0.04 0.01 0.01 0.01 0111 0.01 0.01 
0.56 0.52 0.52 0.50 0.50 0.50 0.51 0.50 0.55 
0.05 00-1 0.01 0.01 001 0.01 0.01 0.01 002 
0.58 0.58 0.52 0.52 0.54 0.51 0.5\ 0.56 0.59 
0.04 0.03 0.04 0.01 0.03 0.01 0.02 0.03 0.02 
Overall mean face velocity 0.53 mls (SO 0.04 mls) 
Minimum average velocity at a grid point: 0.47 mls = 89 % overall mean face velocity 
(Figures in small type are standard deviation of 12 measurements from average calculated) 
0.50 0.54 0.51 0.53 0.50 0.47 0.48 0.52 0.59 
0.06 O.tM 0.06 0.07 0.06 0.04 0.07 0.07 0.04 
0.59 0.54 0.51 0.49 0.49 0.50 0.5\ 0.52 0.60 
0.01 0.03 0.04 0.0-1 0.04 0.02 0.02 0.03 0.01 
0.59 0.53 0.51 0.5\ 0.50 0.49 0.50 0.5\ 0.61 
0.03 0.03 0.01 0.01 0.01 0.03 0.01 0.01 0.01 
0.58 0.50 0.51 0.50 0.50 0.50 0.50 0.5\ 0.54 
0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 
0.61 0.55 0.52 0.52 0.5\ 0.53 0.52 0.53 0.60 
0.01 0.03 0.Q2 0.02 0.01 0.01 0.Q2 0.Q3 0.01 
Table 3.'" Distribution of average vclocitics across the apcrture when measured in the plane of the 
sash, using the grid as spccified for commissioning in BS 7258 : Part 1 : 1994. ( 2 Tests) 
Anemometer - Airflow Developments Ltd. TA-2-15 (them1istor type) 
Overall mean face "elocity 0.52 mls (SD 0.05 m/s) 
Minimum average ye10city at a grid point: 0.44 m/s = 85 % overall mean face velocity 
(Figures in small type are standard dt:\'iation of 12 measurements from average calculated) 
0.47 0.55 0.49 0.47 
0.1 0.08 0.06 0.04 
0.57 U.52 0.49 0.50 
0.05 0.03 0.01 0.Ql 
0.58 0.52 0.54 0.51 
0.04 0.04 0.03 0.02 
Overall mean face velocity 0.54 m/s (SD 0.05 m/s) 
Minimum average wlocity at a grid point: 0.48 m/s = 89 % overall mean face velocity 
(F igures in small type are standard deviation of 12 measurements from average calculated) 
0.50 0.51 0.50 0.48 
0.06 0.06 0.06 0.07 
0.58 0.51 0.50 0.50 
0.02 0.01 0.Ql 0.01 
0.61 0.52 0.51 0.52 
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Minimum average velocity 81 a g.rid point: 0.41 mls ; 84 % overall mean face velocity 


























Minimum average velocity at a g.rid point: 0.41 mls; 84 % overall mean face velocity 

























Minimum average velocity al a g.rid point: 0.43 mls ; 84 % overall mean face velocity 

























Overall mean face velocity 0.50 mls (SD fJ 1)5 m/s) 
Minimum averag.e velocity at a g.rid point: 0.43 mls ; 86 % overall mean face velocity 


























Minimum averag.e velocity at a g.rid point: 0.44 m/s ; 86 % overall mean face velocity 


























Minimum average velocity at a grid point: 0.39 mls ; 81 % overall mean face velocity 


























Minimum average velocity at a grid point: 0.41 mls ; 82 % overall mean face velocity 


























Minimum average velocity at a grid point: 0.43 m/s ; 86 % overall mean face velocity 


























3.9.1.2 Gas injector device and positioning 
The inlet device through which the tracer gas was injected into the cupboard was a cylindrical 
filter funnel with a scintered glass disc near its base 30 nun in diameter and having a pore 
rating ofP 40 in accordance with BS 1752 : 1983. The distance from the disc and the end of 
the tube did not exceed 100 mm. The funnel was mounted in a clamp and retort stand so that 
it could be positioned at 6 points within the fume cupboard as shown in figure 3.16, with its 
axis parallel to the plane of the sash and open end facing upwards. 
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Figure 3.16 Injection positions for test gas. All dimensions in mm. 
3.9.1.3 Measurement of flow rate of gas through injector device 
In order to measure the flow rate of the tracer gas through the source funnel, a N2 calibrated 
rotameter was corrected for its equivalent flow rate in N2 at standard conditions from the 
following expression: 
~SG(gas2) T(gas2 ) P(gasj) Q -Q x x x (gasl) - (gas2) ~SG(gasj ) T(gasj) P(gas2 ) 
Where gasl was the calibrated gas of the rotameter 
gas2 was the specific gas to be used 
Q was the flow rate, m3 Is 
SG was the specific gravity 
T was the absolute temperature of the gas, ~ 
P was the pressure of the gas, KPa. 
Assuming perfect gases and omitting factors concerning non-standard temperature, pressure 
conditions, and viscosity then: 
JSG(gas2 ) JSG(gas1) 
Q Q x Q(gas2) = Q(i.ndicated flow rate on rotameter, gasl) X ISG(gas
2
) (gasl) = (gas2) ~SG(gasj) V 
Thus on the assumption that gas molecules were in constant motion, for each molecule: 
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Ki . 1 2 netIc energy (K.E.) = - mv 
2 
(This could have been expressed per unit time to give volume flow rates). 
Assuming the specific gravity ofN2 to be near that of air (l), then the correction factor for the 
N2 rotameter to be used for measuring tracer gas flow was 0.84 x indicated flow rate(gasl). 
3.9.1.4 Sampling probes and positioning 
Sampling was through stainless steel probes 150 mm long with an internal diameter of 5 rnm 
± 0.5 rnm. These probes were arranged so that the open end was in the plane of the aperture 
and positioned as in Fig. 3. 17, the number and positions of the probes depending on the size 
of the aperture. 
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Figure 3.17 Sampling positions. All dimensions in nun. 
3.9.1.5 Gas collection 
The sampling probes were connected up to a manifold using nylon tubing (Fig. 3.18), each 
tube 1 m length and internal diameter -0.5 mm. A nylon tube was used to connect the 
manifold to the gas analyser 3 m in length and internal diameter 10 mm. 
~ID 0 10 
ID¢5 




3.9.1.6 Gas analyser and calibration for use with SF6 
The instrument recommended for use had to be "capable of measuring concentrations of SF6 
down to 10-9 ± 10 % (V NY'. For this investigation a Miran Infra-red gas analyser (Foxboro 
Ltd, USA) was used. This analyser was calibrated for detection of SF6 using a path length of 
20.25 m, response time 1 second, slit size 1 mm and an analytical wavelength of 10.7 /lm 
which was the wavelength at which SF6 absorbed strongly, free from interference of water 
and CO2 (Figs. 3.19 & 3.20) and a.lr (Fig. 3.21). 
The output from the Miran was initially recorded by chart recorder but subsequently by 
computer (pC386SX) through an analogue - digital converter, ADC - 16 (pico Technology), 
and the data logged with PICOLOG software (Pico Technology), the results being analysed 
in Microsoft Excel®. 
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Fig. 3.21 Infra-red spectrum of 10 % SF6 /90 % N2 (wavelength 2.5 - 14.5 j.lm) 
The ADC had an input of 0 - 2.5 volts, which corresponded to logging units of 0 - 1023 (1 
logged unit = 0.00244 volts input). The Miron had an output of 0 -1 volts for full scale 
deflection (FSD) in each absorbance range but it was found that the Miran had an output 
voltage beyond FSD for extema.l aakt record i~ . 
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The Miran was calibrated at the absorbance ranges of 0 - 0.025 AU and 0 - 0.1 AU. 1 JlI 
aliquots of gas tracer (0.0177 ppm SF6) were injected into a closed circuit calibration loop 
(Foxboro Ltd.) using a gas sealed syringe and a calibration curve constructed (Fig. 3.22). 
0.06 
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::l \5 0.05 0 
\f\ 0 
~ 0 ~ 0.04 













0.000 0.025 0.050 0.075 0.100 0.125 0.150 
Concentration (ppm) 
Figure 3.22 Calibration curve for SF6. I III aliquots 10 % SFJ90 % N2 (0.0177 ppm SF6) 
The linear term concentration (ppm)/Absorbance (AU» for SF6 recommended by Foxboro 
at a wavelength of 10.7 pm and path length 0.75 m was 974.1. After calibration of the Miran 
at a path length of 20.25 m and absorbance range 0 - 0.025AU this linear term was 2.14 
(Table 3.6). 
Absorbar\ce. Input voltage ADC counts AU/count ppm/AU ppm/count 
, 
o - O.025~U 0- 1 Vol+s 409.2 0.000061 2.14 0.000131 
Table 3.6 Calibration of NO input(Anal~ue/D~itcJ).AUa~ance unifs;AOC 4nalDjue otjitaJ (£H'M~rier-
3.9.1. 7 Test procedure 
The test was performed with the cupboard at a known face velocity and with a working 
aperture of 500 mm measured from the top of the lipfoil to the underside of the sash handle. 
The funnel was placed in the position P 1 and tracer gas was injected into the fume cupboard 
through nylon tubing from the gas cylinder at a rate of 2 Vmin per metre width of cupboard ± 
5 % as recommended in BS 7258 : Section 5.2. For this cupboard a flow rate of 2.4 Vmin 
was used. The Miran integral pump was switched on and adjusted to a sampling flow rate of 
21/min ± 5 % as recommended in BS 7258 : Section 5.7. 
In Part 4 it was recommended that the tracer gas be passed through the inlet device (5.2) for 
180s ± 20s and the sampled air allowed to run to waste through the gas analyser. Air was 
collected for a further period of 600 s ± 20 s and the concentration of SF6 in the sample 
measured. After this period the Miran pump and gas injection systems were turned off The 
inlet device was then moved successively to . a further five positions and the test procedure 
repeated at each position. 
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This method was applicable to grab sampling. However, using the data logger, continuous 
monitoring was possible and the concentration of SF6 in the air sampled was recorded over 
840 seconds. F or the first 60 seconds a zero reading was established and then for the next 
780 seconds the data were logged. In - line with BS 7258 : Part 4 only the last 600 seconds 
were counted as the test period and the results were expressed as the mean of these logged 
data adjusted for a zero baseline. 
3.9.1.8 Expression of results 
The highest value from the six values of concentration of SF6 found for the inlet device 
positions was selected and the containment value taken was the concentration of SF6 in p.p.m 
(V N) at that position. 
3.9.2 Results and discussion 
3.9.2.1 Set-up problems 
During initial tests, there was a slow drift upwards from the baseline on the chart recording 
due to instrument zero drift. It appeared to be temperature dependent, a rise in temperature 
causing a positive drift. This was rectified by an instrument service. 
3.9.2.2 Gas analyser instrument noise 
The maximum sensitivity of the instrument was theoretically 0.000131 ppm when the output 
was logged by computer. However, instrument electrical noise was far in excess of this with 
a standard deviation of 0.0008 ppm~ peak to peak being 0.0033 ppm, 4 times the SD (Table. 
3.7) at an instrument response time of 1 second (Fig. 3.23). This then produced an error 
when measurements were made within the limits of the maximum sensitivity. At an 
instrument response time of 10 seconds (Fig. 3.24) the fluctuations were reduced (Table 3.7), 
the standard deviation half that at a response time of 1 second. 
Baseline mean value 0 ppm Response time 
1 second 10 seconds 
Standard deviation 0.0008 ppm 0.0004 ppm 
Standard error of the mean 0.00008 ppm 0.00004 ppm 
Maximum 0.0017 ppm 0.0012 ppm 
Range 0.0029 ppm 0.0023 ppm 
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Figure 3.24 Instrument noise at response time 10 seconds 
3.9.2.3 Background 
During initial tests, there was constant drift on the readings which was too steady to be 
leakage from the cupboard and the onset was rapid enough to suggest a rise in background 
contamination. On inspection of the ductwork it was found that on the downstream side of 
the extract fan which was routed within the building, there was a leak at the joint. This was 
repaired and sealed. 
During further tests there was again a constant drift from baseline which again was too steady 
to be leakage from the cupboard, yet the onset was not rapid to indicate leaking ductwork. It 
was surmised the source of the problem was the manner in which the factory air was made up 
following extraction from the test room. With the factory door open there was no rise in the 
background levels. However, with the factory door closed there was an eventual drift during 
a perfonnance test (Fig. 3.25). 
It was considered that SF 6 was being drawn into the building from under the eves near to the 
point of discharge from the test room. The extract duct was finished flush with the outside 
wall of the factory and hence was not discharged high enough into atmosphere to prevent it 
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accumulating in the wash of the building. A high discharge stack was not fitted due to local 
planning legislation. Knowing this it was also considered that local atmospheric conditions 
may on occasion result in SF 6 being drawn into the test room whether the factory door was 
open or closed. All tests were therefore performed with the factory doors open in order to 
r . . . 
Imlt as far as possIble any reentramment of discharged test room air back into the factory. 
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Figure 3.25 Background concentrations of SF 6 due to re-entrainment of air into the test room. 
3.9.2.4 Response time of the sampling system to changes in SF6 concentration 
In the BS 7258 : 1994 : Part 4, the sampling flow rate is recommended to be 2 Vmin. 
However, as indicated by Fletcher & Johnson, 1992, this produces a very slow response time 
of the sampling to changes in detected gas concentration (Fig. 3.26). The biggest problem is 
the purging of the sampling system and gas cell. 
At the recommended sampling flow rate of 2 Vmin the dilution rate is long due to the 
relatively large volume of the system, ~ 6.64 1. This includes the volume of the sampling 
probes (ill 5 mm x 150 mm long), probe tubing (ill 5 mm x 1 m long), collection manifold, 
instrument tubing (ID 10 mm x 2 m long) and the gas cell volume of the infra-red gas analyser 
(5.64 I based on calibration volume). Thus any gas drawn into the gas cell will decay slowly 
reducing the response time to further small increases in gas concentration (Fig. 3.34, Table 
3.8). By increasing the sampling flow rate the detection time and residence time are both 
decreased. F or the experiments, the Miran pump was not restricted and the sampling flow 
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Figure 3.25 Response time of the infra-red gas analyser at different sampling flow rates. A 5111 sample was 
injected into the central probe of the BS 7258 : 1994 : Part -l grid. 
Sampling Time to Time to peak Initial rate of Time to Rate of decay 
flow rate detection concentrati on detection decay T-half 
IImin seconds seconds ADC/s seconds seconds 
2 138 200 8 400 101 
6 112 138 21 132 48 
Table 3.B Average response times of the infra red gas analyser at different sampling flow rates. 
3.9.2.5 Test results 
Average face velocity 0.5 mls. Injection flow rate of tracer gas 2.4 IImin (1.2 m wide 
aperture @ 2 IIminim aperture width) 
As recorded by chart recorder 
(Indicated flow rate of tracer gas 2.4 lImin, actual 2.02 IImin) 
Face Source Position 
Velocity PI P2 P3 P4 Ps P6 
0.47 mls 0 0 0 0 0 0 
Table 3.9 Tracer gas concentration (ppm) measured in the aperture plane recorded by chart recorder. 
From these recordings, Table 3.9, there was no evidence of SF6 being detected in the plane of 
the sash. 
As recorded by datalogger 
(Indicated flow rate of tracer gas 3.4l1min, actual 2.86 IImin) 
From the logged test data, Fig. 3.27a & 3.27b and Table 3.10, there was no difference 
between the mean of the test data and the mean of the baseline data. At the instrument 
response time of 1 second there was substantial noise but there also appeared to be an 
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Fig. 3.27a Containment test results: Infra red traces of air (sampled in the plane of the sash) when Sf6 is released inside the fume 
cu board !f~m positi()I~~ PI - P3 according to the method described in BS 7258 : 1994 : Pal1 4 
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underlying unstable trend which was apparent in both the baseline and test data. From this 
data it was assumed that for the cupboard tested with no environmental disturbance, no SF6 
was detected in the plane of the sash. The only signal being the inherent noise in the 
instrunlent . 
Source PI P2 P3 P4 Ps P6 
Blank 0.005 0.003 0.004 0.003 0.004 0.004 
Waste 0.005 0.003 0.004 0.003 0.004 0.003 
Test 0.004 0.002 0.004 0.002 0.004 0.003 
Test-blank -0.001 0.000 -0.001 -0.001 -0.001 0.000 
Table 3.10 Tracer gas concentratIOn (ppm) measured in the aperture plane recorded by data logger. 
3.9.3 Tracer flow from funnel 
With no environmental disturbance the tracer gas, being denser than air and negatively 
buoyant sank to the cupboard floor as it was discharged from the funnel (Fletcher & 
JohnsoI\ 1990). This was demonstrated in this study using smoke, seeding the tracer gas as it 
flowed from the funnel (plate 3.1). With the fume cupboard switched off and no gas flow the 
smoke was shown to rise under its own thermal buoyancy. The gas flow was turned on and 
the smoke sank to the work surface. When the fume cupboard was switched on the smoke 
was immediately swept away being influenced by the air flowing through the working 
volume. It was assumed that the movement of the smoke reflected the movement of gas 
tracer and the effect of buoyancy was negligable compared to the influence of the cupboard 
airflow. 
Plate 3.1 Gas offi'cupboard off Tracer gas on/cupboard off Tracer gas on/cupboard on 
3.9.4 Effect of funnel position and mixing 
Tracer gas released from each of the six positions PI - P6 is assumed to be fully mixed within 
the cupboard working volume for the expression of some performance factors (section 1.2). 
However, releasing smoke at each of these positions indicated that tracer would not be fullly 
mixed in the working volume either by bulk movement or turbulent diffusion. The effect of 
aerodynamic features in the cupboard resulted in smoke released at one of the lower 
positions, P123, being rapidly scavenged through the lower extract slot and for some 
approaching the rear baffle being carried up towards the top extract slot (plate 3.2). That 
released from one of the positions, P456, was carried up towards the top extract slot, where 
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some was entrained in the recirculating zone of air at the top of the cupboard, which moved 
down behind the sash to be re-entrained with the inflowing air (plate 3.3). 
Plate 3.2 Release of smoke in BS 7258 source 
Plate 3.3 Release of smoke in BS 7258 source position Ps. Cupboard face velocity 0.5 mls. 
This was then shown using the BS funnel and tracer gas that the positions of the source 
across the cupboard width did not result in complete mixing of the internal, air volume. Table 
3.11 shows measurements of SF6 that were made within the interior volume when tracer gas 
was released from position P2. There was a peak in concentration measured at the upper 
centre right positioI\ of 0.07 ppm, supporting smoke visualisation that some tracer may flow 
up the work side of the baffle and be entrained in the recirculation zone behind the sash. 
However, no tracer gas was measured in the lower centre right position. 
Source P6 P2 P2* P2+ 
Face vel 0.5 mls 0.5 rn/s 0.5 rn/s 0.5 m/s 
Injection 6.55 Vmin 6.55 Vmin 6.55 Vmin 6.55 lltnin 
Blank 0.0032 0.0040 0.0038 0.0038 
Waste 0.0031 0.0037 
Test 0.0036 0.0036 0.0044 0.0038 
Test-blank 0.0004 0.0004 0.0006 0.0000 
Peak I I 0.07 I 
Table 3.11 Tracer gas concentration (ppm) measured In the aperture plane at increased source flow rate, and 
distribution of tracer inside the Clipboard working volume: P2* sampled inside cupboard top mid right and P2+ 
sampled inside cupboard bottom mid right. 
With this test cupboard, increasing the amount of tracer discharged up to 6.55 Vmin did not 
result in any change in the measurement of tracer in the plane of the aperture. 
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Fig. 3.28 Infra-red traces of air sampled in the plane of the sash at varying face velocity 
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3.9.5 Effect of face velocity on containment 
When using the BS 7258 : 1994 test on this aerodynamic cupboard, no tracer gas was 
detected in the plane of the aperture within the sensitivity of the method at a face velocity of 
0.5 mls (section 3.9.2.5). The test was then repeated at face velocities 0.25,0.55, 0.68, 0.80 
and 0.87 mls and source positions P2 and P5. Only at a face velocity of 0.87 mls was any 
SF6 measured in the plane of the sash when tracer was released from position P2 (Fig. 3.28 & 
3.29). There was no tracer measured in the plane of the sash at the lower face velocity of 
0.25 mls. This was a condition known to be inadequate in the working environment where 
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Figure 3.29 Effect of face velocity on the concentration of SF6 measured in the plane of the sash 
3.9.6 Effect of design features on containment 
It must be concluded so far, that a well designed fume cupboard operating in a stable 
environment gave a good performance; that the tests used were repeatable and consistent. 
The design of the fume cupboard used in this investigation was then changed. The major 
difference being that the vertical gap between the work surface and the lipfoil was reduced, 
the work surface shortened so that the lipfoil covered less of it, and the top rear extract slot 
also reduced in cross section. Type tests were carried out at two face velocities, 0.56 mls and 
0.79 m/s using again the BS 7258 : 1994 : Part 1 (Table 3.12) and a containment test carried 
out as in Part 4 at the higher velocity (Fig. 3.30). The type test results were comparable to 
the previous design and within the specifications of the standard, and the containment test 
only showed traces of gas (0.002 ppm) sampled in the plane of the sash when the source was 
positioned at P2. At all other source positions no gas was detected. 
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Table 3.12: Distribution of average velocities across the aperture when measured in the plane of the sash (cupboard Model 
B1500SS), using the grid as specified in BS 7258 : Part I : 1994. 
Anemometer - Airtlow Developments Ltd. TA-2-15 (thermistor type) 
Overall mean t~lce velocity 0.56 m/s 
Minimum average velocity at a grid point: 0.5\ m/s = 9\ (Yt, overall mean t~ICC velocity 
(Figures in small type are standard deviation of 12 measurements tilllll average calclllat.:d) 
0.58 0.58 0.57 O.SCi 0.52 0.56 0.57 0.58 0.58 
0.04 0.0-1 0.06 0.03 0.06 0.05 0.06 0.04 0.04 
0.54 0.5\ 0.55 0.52 0.52 0.55 0.55 0.52 0.54 
0.033 0.05 0.04 0.03 0.01 0.03 0.04 0.02 0.03 
0.57 0.52 0.52 0.5\ 0.53 0.55 0.55 0.55 0.53 
0.041 0.04 0.03 0.01 0.02 0.03 0.03 0.02 0.09 
0.6 0.59 0.53 0.56 0.55 0.56 0.57 0.60 0.61 
0.011 0.02 0.04 0.03 0.02 0.04 0.03 0.01 om 
0.58 0.60 0.60 0.59 0.6\ 0.66 0.63 0.63 0.61 
0.043 0.04 0.03 0.04 0.01 001 0.04 0.04 om 
Overall mean face velocity 0.79 m/s 
Minimum average velocity at a grid point: 0.69 m/s = 87 % overall mean face velocity 
(Figures in small type are standard deviation of 12 measurements from average calculated) 
0.82 0.83 0.83 0.82 0.8\ 0.81 0.83 0.86 0.80 
0.06 0.03 0.Q3 0.03 0.03 0.05 0.06 0.03 0.03 
0.77 0.77 0.75 0.74 0.74 0.74 0.79 0.80 0.90 
0.05 0.03 0.03 0.Q3 0.03 0.03 0.03 0.00 0.05 
0.75 0.69 0.72 0.72 0.72 0.74 0.76 0.78 0.75 
0.04 0.02 0.05 0.02 0.02 0.03 0.03 0.02 0.04 
0.82 0.79 0.76 0.74 0.74 0.75 0.79 0.79 0.82 
0.Q3 0.03 0.03 0.Q3 0.03 0.03 0.02 0.Q3 0.Q3 
0.83 0.83 0.79 0.84 0.84 0.8\ 0.87 0.87 0.87 
0.05 0.03 0.05 0.03 0.03 om 0.02 0.02 0.04 
Fig. J.JO Containment test results on a modified fume cupboard: Infra-red .. ·aces of air (sampled In the plane of the sash) whi'n SF1=; MIS 
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Prior to the type test, a flow visualisation exercise was perfonned using water fog generated 
from an ultra-sonic nebuliser (Kennedy, 1987). This had shown regions of recirculation at the 
left and right sides of the aperture and over the lipfoil. These appeared to be caused by 
supports beneath the lipfoil blocking the airflow and causing boundary separation. The net 
result was air seen to recirculate back towards the aperture in these regions. However, the 
type test face velocity did not show any regions of high variation. The gas test only indicated 
a problem when the source was at P2 in the region of the centre of the lipfoil, the traces being 
very small. None was detected towards the left and right sides with the source at PI and P3. 
In order to ascertain whether gas was actually recirculating to the aperture as seen by water 
fog a corner probe was detached from its nonnal position and moved towards the corner in 
position Bm (Fig. 3.31). There was no tracer gas detected. The funnel was then placed on 
the work surface so that its open end faced the wall 60 mm away and 60 mm from the plane 
of the aperture, this being approximately the area of recirculation as demonstrated by the 
water fog. With the probes arranged in the BS 7258 grid there was no gas detected (Fig. 
3.32a). Moving the lower comer probe into the comer position AI again no gas was detected 
but moving the probe right into the comer in position AIl gas tracer was sampled. When the 
probe was placed on the lipfoil 20 mm from the sash plane (position ell) tracer was still 
sampled (Fig. 3.32b). When the probe was moved to 50 mm from the sash plane (position 
DII) there was no tracer sampled (Fig. 3.32c). Equally when the probe was lowered to the 
lipfoil (position Em) no tracer was sampled. The probe was then moved towards the comer 
and approximately 10 mm from the right edge and 10 nun from the lipfoil in the plane of the 
sasl\ some tracer was sampled up to 0.01 - 0.02 ppm. Only when it was placed right in the 
corner was gross leakage detected. With the probe on the lipfoil in the sash plane and 50 mm 
from the right hand wall there was no leakage detected. It had also been noticed that the 
water fog collected under the sash handle. With the standard arrangement of equipment and 
the source in position P6 the top left comer probe was detached and moved towards the sash 
handle. Near to the handle - 5 mm away gas was sampled. 
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Figure 3.31 Rearrangement of sampling probes to measure potential leakage in the comer of the aperture. 
This was repeated for a smaller fume cupboard of the same design in which the recirculation 
at the edge corners could be demonstrated using the water fog, exaggerated by rough 
finishing and unsealed gaps. In this case water fog could be seen to move out of the plane in 
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Fig. 3.32 Infra red traces showing the effect of moving a sampling probe into the 
positions shown in Fig. 3.31. 
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the wake of an electrical socket fixed to the vertical side aerofoil. Again there was no gas 
detected in the plane of the aperture when using the BS 7258 : 1994 : Part 4 method. With 
the gas source in position P3 and using a single probe it was demonstrated that gas was not 
only detected near the comer but also near to the edges. 
This suggested that with the BS grid arrangement, tracer could be recirculated back towards 
the aperture and around the edges but not sampled. In this investigation gas was not detected 
until the probe was placed right in the comer. 
3.10 Discussion of BS 7258: 1994 : Pal"ts 1 and 4 and other national standard's 
testing methodologies used for assessing the performance of a general purpose 
laboratory fume cupboard 
The perfonnance of the Fumair aerodynalnic fume cupboard (B 1500) used in this study was 
within the specifications for 'type' testing, 'commissioning' as specified in BS 7258 : 1994 : 
Part 1. Also using the method recommended for the quantitative assessment of containment 
in BS 7258 : 1994 : Part 4, no tracer gas was sampled in the plane of the aperture at a face 
velocity of 0.5 m/s. 
For a rapid check on the fume cupboard face velocity, the rotating vane anemometer was 
adequate and the results were repeatable. For the installation and balancing of several fume 
cupboards on the same duct a rotating vane anemometer would be considered sufficient at 
such a stage. The thennistors and hot wire anemometers would be less desirable as they had 
no averaging properties: variation in velocity at a position could be large and measurements 
difficult to read. In asse5SIT'S cupboard perfonnance for "type" testing and subsequently 
for "commissioning", the fluctuation of readings Wo.5 an important indication of 
turbulence and thus measurements with thennal anemometers had to be used. Flow 
visualisation was also important showing air movements both within and around the 
cupboard. This was recommended at installation but not as part of the "type, commissioning 
or maintenance" tests. 
The angle to which the sensing head of an "uni-directional" thennal anemometer could be 
rotated to the line of the flow in the middle of the aperture showed, that not until - 30 
degrees, was the velocity measured affected giving some tolerance to directional fluctuation 
in the flow patterns. If there was a cross flow nonnal to the sensing head, then this would not 
be identified using an omni-directional probe. 
The response times and decay periods of the infra-red gas analyser were affected by the 
sampling flow rate. In the BS test it was required to be 2 Vmin but this produced a very 
sluggish response to any tracer gas introduced into the sampling system and the decay from 
the gas cell was so long that any further changes in concentration would be mis-represented. 
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This has also been found by Fletcher & Johnson (1992) and Bicen (1992). There is no 
specified dimension of the collection manifold and this would also affect the residence time of 
tracer gas in the sampling system. The total volume of the sampling system was 
approximately 5-6 litres, the analyser having a 3-4 litre gas cell. By increasing the flow rate to 
- 7 Vrnin using the Miran's own integral pump, the response times were much quicker but 
perhaps more importantly the decay times were much shorter, the gas cell being purged 
quicker. This was important with respect to fluctuations in tracer being sampled in the plane 
of the sash. Initially an instrument response time of 1 second was used but this produced high 
frequency oscillations. This was smoothed out by increasing the response time to 10 seconds 
which would not be thought a problem in responding to tracer sampled, as the overall 
response time of the sampling volume was far in excess of this. 
The tracer gas was not completely mixed within the cupboard when released from a single 
source position. However, as the source was moved over the aperture plane it was assumed 
that for a completed test the majority of the cupboard working volume was seeded with 
tracer, albeit not at the same time. There were limitations to this mixing in terms of the 
position of the source and the sampling grid. If there was leakage from a cupboard possibly 
by bulk air movement or turbulent diffusion, then tracer from the source position would be 
expected to mix in this region. This was shown to some extent with the design modifications 
to the aerodynamic fume cupboard tested causing turbulent recirculation zones at the lower 
vertical edges and near to the lipfoil. There was tracer sampled in the plane of the sash very 
near to these edges which did flow past the aperture plane. What was evident was that the 
position of the BS 7258 sampling grid did not pick this up and only when a probe was placed 
very near to the comer of the aperture was this evident. Further from the plane of the 
aperture no tracer was sampled. 
This questioned the relevance of sampling in the sash plane. The principle had good 
foundations, sampling tracer that had the potential to escape as well as that which did escape. 
However, ifno tracer was sampled by the BS 7258 grid arrangement even though there were 
obvious turbulent recirculation zones bringing tracer to the plane of the sash (shown by flow 
visualisation), then what was the point of actually sampling in the aperture plane at all? 
The ASHRAE and DIN standards sampled a defined distance away from the aperture plane 
or in the breathing zone of the operator actual leakage. This perhaps gave a much more 
realistic approach and if the potential leakages at the edges were to escape the cupboard 
containment then this was an actual leakage. 
The re-entrainment of air discharged from the fume cupboard back into the room in which the 
cupboard was installed was a problem causing raised background levels of tracer making 
testing of the fume cupboard not possible. This did identify a problem as far as discharge was 
concerned. Leaking ducts caused a raised background level of tracer. This made meaningful 
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testing of the fume cupboard impossible. However, as the fume cupboard and associated 
ductwork can be considered as parts of the containment envelope, ductwork leakage is an 
important factor. 
The release of tracer gas was at a low flow rate compared to the volume of air passing 
through the fume cupboard. It did not constitute an active challenge to the containment 
perfonnance of the cupboard but a passive one. In the test room the airflow in and around 
the fume cupboard aperture was also very stable. As the face velocity decreased and hence 
reduced the volume flow rate through the cupboard there was no tracer sampled in the plane 
of the aperture even at a face velocity of 0.25 mls which was often considered vulnerable to 
unfavourable environmental conditions which may exist in some installations. It thus did 
show how stable the airflow and containment was at low flow rates but not how this may be 
seriously challenged during potential disturbance in on site conditions. 
3.11 Key interinl conclusions 
• There was no minimum performance criteria nor hierarchical structuring of test methods 
specified in the performance assessment strategy. Emphasis was placed on face velocity 
testing for type testing, commissioning and for routine maintenance. A quantitative 
containment test method was optional. Air flow visualisation was only recommended at 
. COllUlllsslonmg. 
• The recommended gas tracer test method measured the potential for a fume cupboard to 
leak, not the actual leakage. It did not identify potential leakages at the lower comers of 
the aperture, beneath the sash foil or beneath the lipfoil. 
• Assessing the containment performance of an aerodynamic fume cupboard at different face 
velocities, showed that as low as 0.25 mls no tracer was detected in the aperture plane. 
This velocity was considered vulnerable to work place disturbances and showed how 
stable was the airflow and containment at low flow rates in the test room but not how this 
could be seriously challenged during potential disturbance on site. 
70 
Chapter ~ A Study of the British Standard BS 5726 





F or the purposes of this study, the perfonnance assessment of class I and II microbiological 
safety cabinets was investigated. Class III cabinets were not included because they are not 
open fronted containment systems and are assessed by a different strategy involving a 
measure of pressure integrity. The strategy used for assessing the perfonnance of class I and 
II types involves a hierarchy of tests for 'type' testing, 'commissioning' and for 'routine 
maintenance'. These are flow visualisation, face velocity and containment tests (section 
2.3.2). The main difference between the 'type' test and the other tests of perfonnance is in 
the measurement of face velocity at each position~ for the 'type' test this is over a 5 minute 
period and for commissioning and maintenance is over a 1 minute period. There is no 
requirement for the tests to be carried out in a test room but the cabinet has to be installed in a 
room in which there are no environmental disturbances. The test procedures differ between 
the different classes of cabinet. 
4.2 Methods 
4.2.1 Flow visualisation 
The visualisation of the airflow using smoke or other visualisation tests such as water fog 
(Kennedy, 1987), had to demonstrate an inward flow over the whole area of the working 
aperture. In this study, water fog generated from an 'ultra-sonic' nebuliser (Kennedy, 1987) 
was used. 
4.2.2 Face velocity measurements 
The methods used for measuring the inflow through class I cabinets and the inflow and 
downflow of class II cabinets were those specified in BS 5726 : 1992 : Part 1 : Appendix H. 
The anemometer used was a rotating vane type with a diameter of 100 mm (Airflow 
Developments Ltd.) This anemometer and its calibration have been discussed in section 
3.8.2. 
4.2.3 Quantitative assessment of the performance of class I and class IT 
microbiological safety cabinets: Determination of a protection factor 
The methods used were those specified in BS 5726 : 1992 : Part 1: Appendix D. The 
principle of these tests was to release an aerosol of particles less than 10 Ilm in diameter and 
with a settling rate in still air of less than 0.01 mis, from within the cabinet and which could 
then be sampled outside the cabinet (section 2.3.2). The challenge droplets/particles were 
either generated as a monodisperse aerosol composing mainly of single bacterial spores from 
a nebuliser charged with an aqueous solution, or as a monodisperse aerosol of potassium 
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iodide (KI) particles derived from droplets of 1.50/0 KI in 950/0 alcohol generated from a 
spinning disc (KI-Discus, Containment Technology Ltd.). 
4.2.4 Quantitative assessment of external contaluination for class II cabinets 
The principle of these tests was to release an aerosol of particles less than 10 Ilm in diameter 
and with a settling rate in still air of less than 0.01 mis, from outside the cabinet, which could 
then be sampled inside the cabinet at the work surface. The challenge droplets/particles were 
either generated as a monodisperse aerosol composing mainly of single bacterial spores from 
a nebuliser charged with an aqueous solution, or a monodisperse aerosol of potassium iodide 
(KI) particles derived from droplets of 1.50/0 KI in 950/0 alcohol generated from a spinning 
disc (KI-Discus, Containment Technology Ltd.). The microbiological method was that 
specified in BS 5726 : 1992 : Part 1: Appendix E. The positioning of the KI Discus 
equipment resembled the microbiological challenge test method specified in BS 5726; 1992, 
Part 1, appendix E as closely as possible. The aerosol was generated outside the cabinet and 
air sampled within the working area of the cabinet 50 mm from the front edge of the work 
surface (Fig. 4.1). The protocol was the same as the microbiological tests. 
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Figure 4.1 Arrangement of equipment for KI e:-.1emal contamination tests. 
4.2.5 Quantitative assessment of cross contamination in class II cabinets 
The principle of these tests was to release an aerosol of particles less than 10 Ilm in diameter 
and with a settling rate in still air of less than 0.01 mls from one side of the working surface, 
and which could then be sampled at a defined distance away towards the other side. The 
challenge droplets/particles were either generated as a monodisperse aerosol composing 
mainly of single bacterial spores from a nebuliser charged with an aqueous solution, or as a 
monodisperse aerosol of potassium iodide (KI) particles derived from droplets of 1.5% KI in 
95% alcohol generated from a spinning disc (KI-Discus, Containment Technology Ltd.). The 
microbiological method was that specified in BS 5726 : 1992 : Part 1: Appendix F. 
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The positioning of the KI Discus equipment resembled the microbiological challenge test 
method specified in BS 5726J 992, Part I, appendix F as closely as possible. The spinning 
disc was placed on the work surface, equidistant from front to back, and the leading edge of 
the disc placed 50mm in from the side of the work surface (Fig. 4.2). Four samplers were 
placed so that the open end of each sampler was 37 mm (hole centre) above the work surface 
and facing the spinning disc generator. They were positioned in pairs one third and two thirds 
of the width and equidistant from front to back of the work surface~ the nearest samplers 
were 300 mm from the leading edge of the spinning disc. The test protocol was the same as 
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4.2.6 Expression of results for type test, commissioning and routine maintenance 
4.2.6.1 Flow visualisation 
The direction of the airflow using smoke or other visualisation tests such as water fog had to 
demonstrate an inward flow over the whole area of the working aperture. 
4.2.6.2 Airflows 
4.2.6.2.1 Airflow (class I cabinet) 
The measured air velocities at all points should be between 0.7 mls and 1.0 mls and no 
individual measurement could differ from the mean by more than 20 0/0. 
4.2.6.2.2 Airflow (class II cabinet) 
The mean velocity of the downward airflow should be between 0.25 mls and 0.5 mls and no 
individual measurements could differ from the mean by more than 20 %. The mean airflow 
velocity inward through the working aperture should not be less than 0.4 mls. 
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4.2.6.3 Assessment of operatol' protection factor 
F or both class I and class II cabinets an operator protection factor was calculated from the 
measured colonies or particles from each sampler of the five tests and no individual value of 
the protection factor should be less than 1.0 x 105. The protection factor was calculated 
using the following methods: 
4.2.6.3.1 
method 
Calculation of the protection factor from using the microbiological 
The number of spores in the challenge dose, N, was calculated from the equation 
N = I1lMI - M 2) - (112 - l71)V 
where 111 was the number of spores per millilitre of the initial suspension 
112 the number of spores per millilitre of the final suspension 
A II the initial mass of the nebulizer (in g) 
M2 the mass of the nebulizer after the test (in g) 
\' the initial volume of spore suspension (in ml). 
Assume the density of the spore suspension to be 1.0g/mI. 
The protection factor, PF, was calculated separately from each culture plate using one of the 
following equations from Lidwell (1960), which allowed for room ventilation: 
(a) PF = (N.s)/(IOn)~ or (b) PF = (N.S)/(l04n). 
where N was the challenging dose 
s the sampling rate of one slit sampler, or the combined sampling rate offour 
impinger samplers (in m3/min, equation ( a), or dm3/min. equation (b)) 
n the number of colonies of Bacillus slIhtili5; var. globigii on the culture plate. 
4.2.6.3.2 
method 
Calculation of the protection factor from using the potassium iodide 
The number ofKI particles liberated, N, was calculated using the following equation: 
N=(3.lxI07 xM) 
where M was the volume ofKI solution dispersed by the aerosol generator (in ml) 
3.1 x 107 a constant derived from the droplet size, the sampling flow rate and the 
speed of rotation of the disc. 
The protection factor, PF, was then calculated separately from each filter membrane using the 
following equation: 
PF =NV1l04n 
where V was the sampling flow rate (in dm3/min) 
n the number of spots on the filter membrane. 
In this case M = 20 ml and V = 100 dm3/min. Using the above equations and the values of 
M and V given a protection factor of 1.0 x 105 would correspond to 62 spots on the filter 
membrane. When calculating the protection factor, if there was one spot on the filter 
membrane in this case the protection factor would be 6.2 x 106. If there were no spots on the 
74 
Chapter 4 
filter membrane this would indicate that the protection factor was higher than this, and the 
protection factor would be recorded as PF > 6.2 x 106. 
4.2.6.4 Assessment of external and cross contamination 
From the results of the microbiological test the total number of colonies of the test organism 
counted after incubation should not exceed 5 in any test. From the results of the KI test a 
factor was calculated (section 4.2.6.3.2) using the number of KI particles collected in each 
sampler and no individual value of the factor should be less than 1.0 x 103. 
4.3 Test results 
4.3.1 Class I nlicrobiological safety cabinets 
No. Comment OPF Face Velocit·, (m/s) 
Average Worst Avg Min Max 
A+ Recirculating 2.8 x 106 1.2 x 10 6 1.03 80% 115 % 
>6.2 X 106 3.1 x 10 6 1.10 96% 101 % 
B Prototype 3.1 x 106 6.2 x 10 5 1.01 91 % 117 % 
3.1 x 106 6.2 x 10 5 
6.2x 106 3.1 x 10 6 
C 3.1 X 106 6.2 x 10 5 1.10 860/0 115 % 
D 6.2 x 10 6 1.6 x 10 6 1.03 890/0 117 % 
5.0 X 106 2.1 x 10 6 1.15 95% 109% 
E 6.2 x 10 6 3.1 x 10 6 1.07 89% 108 0/0 
1.6 x 10 6 2.7 X 105 1.08 94% III % 
F 6.2 x 10 6 1.6 x 10 6 1.15 87% 113 % 
3.1 x 10 6 1.0 x 10 6 
6.2 x 10 6 2.1 x 10 6 1.13 87% III % 
1.2 x 10 6 5.6 x 10 5 1.09 900/0 1100/0 
6.2 x 10 6 6.2 x 10 6 1.11 90% 117 % 
6.2 x 10 6 1.6 x 10 6 1.18 88% 119 % 
5.2 x 10 6 1.2 x 10 6 1.11 95% 112 % 
>6.2 X 106 1.6 x 10 6 1.13 97% 107% 
G 1.2 X 106 6.2 x 10 5 1.14 88% III % 
2.2 x 10 6 4.8 x 105 1.07 84% 112% 
3.1xl0 6 7.8 x 10 5 1.07 88% 114 % 
6.2 x 106 3.1 x 10 6 1.15 890/0 1080/0 
1.7xl0 6 1.2 x 10 5 1.07 93 % III % 
>6.2 X 106 3.1 x 10 6 1.11 93 % 107% 
2.1 X 106 5 1.05 86% III % H 6.2 x 10 
6 5 1.04 95% 108 % 1.8 x 10 2.8 x 10 
2.2 x 10 6 1.6 X 106 1.10 89% 1090/0 
>6.2 X 106 1.6 x 10 6 1.04 96% 105 % 
2.5 x 10 6 3.1 x 10 5 1.06 970/0 1020/0 
, i n Tests OPF us Table 4.1 Class I nucroblOJoglcaJ safet) cabmets. Operator Protect 0 ( ) 109 KI. (Maintenance 
tested unless specified + which is type tested). 
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4.3.2 Class II nlicrobiological safety cabinets 
No. and worst OPF Cross Product Face Downflow 
comments Contamination Protection vel. velocity (M (5' 
KI mic.robiQ\ KI rn i c:.robia I KI mitrobia\ (m}s) avg mm 
I vented 1.3 x 105 TNC 2.5 x 105 0.76 0.47 87% 
sides 
vented 9.1 x 1O:! 0.70 0.31 77% 
work/Sf~. 
Jt 8.9 x 105 0.59 0.39 90% 
3.3 x 105 0.63 0.55 89% 
K ducted 7.5 x 1O-t TNC 2 0 0.60 0.37 87% 
outside 2.3 x 105 
. 6.3 X 1O-t 
. 1.8 X 105 
reclr- 8.8 x 103 1.2 X 106 29 3.1 x 103 0 0.56 0.36 83% 
culating SA x 103 
L 1.6 X 105 2.7 X 105 TNC 0 2.1 X 106 1 0.80 0.32 81% 
M 6.2 x 106 
Table ~.2 Class II nucroblOlogIcal safety cabmets. OPF = operator protection factor. TNC = To Numerous to 
Count. (T) -pc tested unless specified * which is maintenance) 
NOTE: All microbiological tests were performed by staff at the Simms Woodhead Memorial 
Laboratory, Department of Pathology, Papworth Hospital. 
4.4 Results and Discussion j.--
4.4.1 Class I and II microbiological safety cabinets 
The specified face velocity for class I cabinets in BS 5726 : 1992 : Part 1 is 0.7 - 1.0 mls. The 
average face velocity for all those tested, allowing for an accuracy of only 10 % for a rotating 
vane anemometer (section 3.8.2.1) did not exceed this specification. The fact that all tests 
indicated higher velocities was because they were all serviced by the same company. All 
velocities for the class II cabinets tested were within the specifications. 
Of the eight class I and five class II cabinets that were tested, only one class II failed to 
perform to all the minimum levels specified. Visualisation of the airflow into and around the 
aperture of this class II cabinet, K (Table 4.2) showed brief but infrequent leakage from the 
top comers and also demonstrated regions of poor containment along the top edge where the 
movement of an operators arm through the aperture resulted in leakage. Visualisation of the 
airflow near to the solid work surface demonstrated little resistance to cross-contamination. 
Using the microbiological test method, cabinet K was shown to have satisfactory operator 
and product protection but questionable cross-contamination. Using the KI method the 
results indicated satisfactory product protection but poor cross-contamination and operator 











specific to anyone sampler and were marginal between a 'pass' or 'fail' situation. 
Contamination during the tests was ruled out and the cabinet filter seals were intact. 
There were further discrepancies between the microbiological and KI methods for assessing 
cross-contamination in class II cabinets with solid work surfaces. Apart from cabinet K, 
when both tests were perfonned, the microbiological test results gave no cross-
contamination, but the KI method results did. For a perforated base the KI results were 
marginal. 
There may be vanous reasons for the inherent differences between the results of the 
microbiological and KI tests. For cabinets tested that were equivocally 'good' or 'bad', the 
perfonnance of both the test methods were shown to have good correlation (Clark et. aI., 
1981: Matthews, 1985). However, only when there was a marginal failure of a cabinet or 
when cross-contamination in a class II cabinet was assessed was there any discrepancy. This 
was most likely due to the method of generation and propulsion of the tracer and the method 
by which it was sampled, any differences being exaggerated in the marginal case or due to the 
effects of ph ore tic forces (thennal or electrostatic) on the droplet/particle as they approached 
a surface. These are discussed in the following sections. 
4.4.2 The effect of particle/droplet velocity 
4.4.2.1 Theory 
A droplet or particle in motion is subject to inertial forces F i, frictional forces Ff, gravitational 
forces Fg, buoyancy forces Fb, phoretic forces Fph and to changes in physical properties due 
to evaporation Evap. The droplet/particle velocity is thus a function of f(Fi,Fj.Fg,Fb,Fph,Evap). 
Estimation of the path a droplet/particle will take in air following propulsion may be carried 
out making the assumption that only the inertial, frictional, gravitational and buoyancy forces 
are acting. 
The horizontal stopping distance, Xo, of a droplet/particle (assuming the motion of a solid 
spherical particle at Reynolds number, Re, < < 1 in a stagnant, suspending viscous fluid, 
Stokes Law, 1851) due to friction between the droplet and the air (drag force D = 61tJlgRpVoo, 
where Jlg is the dynamic viscosity of the air, Rp is the particle or droplet radius (m), Uoo is the 
fluid velocity far from the particle) and excluding the effect of all other forces would be 
(2UiPpR/)/(9Jlg) and Re = (2Rp(Up-Ug)Pg)/(Jlg) = (2RpUpPg)/(~lg) at low air velocities where Vi 
is the initial velocity (m/s) of the droplet Up, Ug is the velocity of the gas far from the droplet, 
Pp the droplet density and Pg the density of the air (kglm3). 
The droplet/particle is also influenced by gravitational forces which impart a downward 
velocity component. However, because of drag, then in still air the droplet/particle reaches a 
tenninal settling velocity where the gravitational and buoyancy forces are balanced against the 
drag forces on a spherical particle (Re « 1, stagnant, suspending viscous fluid). This is 
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calculated from the expression 4/3(pp - pg)gn:R/ = 6n~lgRpUt where the gravitational force = 
4/3 ppgnRp 
3 
and the buoyancy force = 4/3 pggn:Rp3 where, g is the gravitational force per unit 
mass, or gravitational acceleration constant, Pp is the mass density of the particle, and Ut is the 
tenninal settling velocity (cmls) equivalent to Up and Ut - 2/9R2ppgl~g where Pp» pg. 
In the microbiological test, the velocity of the carrier gas discharged from the reflux blast 
nebuliser and measured at the front aperture of the cabinet could not exceed the inward air 
velocity (BS 5726, 1992). Several nebulisers were tested by Matthews, 1985, at 70 KPa 
(10psi) and shown to have volume flow rates ranging from 3 A - 9.5 Vmin and velocities 
ranging from 0.05 0.58 mls when measured 5 - 13 cm away from the nozzle in still air. For a 
Collison nebuliser, commonly used for testing, the initial velocity at a flow rate of 3 A Vmin 
was found to be -OA5 m/s (Kennedy, 1988) and the mean droplet diameter emitted from this 
nebuliser was < 2 ~lm (Matthews, 1985). 
Assuming that the initial velocity of a 2 ~m droplet with density that of water (1000 Kglm3) 
was propelled from a Collison nebuliser, the velocity of the carrier gas decreased to zero 
within a very short distance so that the droplet was propelled into still air and that there was 
no evaporation of the droplet then from these expressions the stopping distance would be 
0.005 mm (initial Re 0.06) and the terminal settling velocity 0.01 cm/s. However, the velocity 
of the carrier gas was much greater than this and the motion of the droplet more likely to be 
influenced by the carrier gas than by its own inertia. 
In the KI method the generation of the aerosol involved the propulsion of droplets from a 
spinning disc. This had a rotational speed of 58.65 m/s (40 mm diameter disc @ 28000 rpm). 
It was estimated from the method of Walton & Prewitt (1949) that the diameter of the 
primary droplet breaking from the edge of the disc was 40 ~m. It was assumed that this 
droplet would have an initial velocity that of the disc. The stopping distance of such a droplet 
when propelled into still air, assuming a density that of alcohol (789 Kglm3) and assuming no 
evaporation, would be 224 mm (initial Re 152). However the droplet of alcohol would 
evaporate rapidly to a nominal particle size of 7 ~Lm (Clark & Goff, 1982) with a density of 
potassium iodide, -2790 Kg/m3. The stopping distance of such a particle in still air would 
then be 24 mm (initial Re 27). For the 40 ~lm particle the terminal settling velocity would be 
3.7 cm/s and a 7 ~m particle OA cm/s. 
The change in droplet/particle velocity, Up, with time, t, (Figs. 4.3 & 4A) can be determined 
. - U - U (-4»t) in the absence of all external forces from the expreSSIon: (dU!dt) + <pUp - 0 or p - jexp 
where Ui is the initial particle velocity, <p is the inverse product of the particle ~obility Band 
mass mp of the particle, B = U!Drag force. Using, Up, the distance travelled by the particle, 
Xp, with time, t, (Figs. 4.3 & 4.4) can be determined in the absence of all external forces from 
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Figure ~.3 Theoretical change in the velocity 0 and horizontal distance travelled 0 by a 40 ~m KI 









































Figure ~.~ Theoretical change in the velocity 0 and horizontal distance travelled 0 by a 7 ~m KI particle 
when propelled from a spinning disc in still air. 
The evaporation of the KI droplet to the particle is ignored in the previous expressions, but by 
calculating the two extremes it may be assumed that the physical reality in still air would lie 
between these curves. A 40 ~lm droplet with density that of alcohol would thus come to a 
stop 224 nun from the edge of the spinning disc in - 0.03 seconds and a 7 ~m particle 24 mm 
in -(). 004 seconds. 
The distance travelled Xt and time taken to reach the terminal settling velocity can be 
determined from the gravitational force = rna = 61t:J..1gRpUt where m = density/volume = 
(41tRp3 pp)/3, s=ut+ 1/2at2, and v2=u2+2as where s is the distance (Xt), u the initial velocity, v 
the velocity at time t, and a the acceleration (gravitational acceleration, g). Hence a = 
U t2/2Xt, a = 2S/t2 and thus Xt = (R2ppUt)/(9~lg) and t = (8R2ppXt)/(18~lgUt). 
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The time taken and the d' t t h h . . . IS ance 0 reac t e tennmal settlIng velocity are summarised in table 
4.3. Figures 4.5 & 4.6 show the resultant theoretical path of the particle following propulsion 
from the edge f th ... .. o e spmrung diSC by supenmposmg the horizontal and vertical distances 
travelled. 
7 ~l1n 40 ~l1n 
Xt 0.0001 cm 0.0071 cm 
t 0.0004 s 0.0038 s 
Table ~.3 Time and distance for a droplet/particle to reach its terminal settling velocity. 
Distance travelled from edge of spinning disc (cm) 
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Figure ~.5 Theoretical path of a 7 Ilm particle as it is propelled from the edge of the spinning disc in 
still air. 
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Figure 4.6 Theoretical path of a 40 Ilm droplet as it is propelled from the edge of the spinning disc in 
still air. 
These analyse5 assumed Re« 1. However for the potassium iodide particles because of the 
high initial velocity the Reynold's numbers were> 1. This would require adjustment of the 
drag equation as it deviated from Stokes' Law as a function of Reynold's number. This 
deviation has been ignored as the velocity would change rapidly and a 7~m particle at its 
tenninal settling velocity had a Reynold's number < < 1. 
In the KI test method there would be a small effect on the particle due to the capture velocity 
of the centripetal sampler. The capture velocity can be estimated by the approximation that at 
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a defined distance away from the opening that the extraction rate Q = V(10X2 + A) where V 
is the capture velocity, X the distance from the opening at which the capture velocity applies, 
A the area of the opening, and Q the volume flow rate through the opening (Everett & 
Hughes, 1981). The capture velocity from the centripetal sampler decreases very rapidly a 
short distance away from the opening. As an approximation, the velocity at a distance 1 
diameter away from the opening is 1/10th the velocity at the opening. 
Figure 4.7 shows the superimposition of the theoretical particle paths and the capture 
velocity. If it is assumed that these are the paths in still air and the dimension shown is 
between the edge of the spinning disc and the centripetal sampler as in BS 5726 : 1992, then 
there is an overlap of the distance a 40 ~lm droplet will travel and the capture velocity of the 
sampler. However, this droplet would evaporate to a 7 ~lm particle and the gap between the 
capture velocity and the particle stopping distance would increase so reducing any overlap 
and effect from the sampler. 
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Figure -L 7 Theoretical paths of a 7 J.lm 0 and 40 J.lm 0 droplet/particle propelled from the edge of a 
spinning disc in still air and the decrease in capture velocity from a centripetal sampler *. 
As the droplet propelled from the spinning disc evaporates the distance travelled before 
ceasing to be a droplet, h, is proportional to the square of the surface area, S, or to the fourth 
power of the diameter D (hocS2 hocD4) (Hidy, 1984). Rooth (1949) stated that the life of a 2 
j.lm droplet of water in dry air at room temperature is 0.006 s and for a 20 j.lm droplet 0.06 s. 
This indicates that a 40 ~m droplet of water propelled from the spinning disc will still be a 
droplet when the stopping distance and terminal velocity are reached. However, a droplet of 
alcohol which is more volatile than water would be expected to have a much shorter life. 
4.4.2.2 Experimental 
The evaporation ofa 40 ~lm droplet of 1.5% KI/95% alcohol was investigated by measuring 
the distance between the spinning disc (40 mm from the work surface) and the wall of a 
cabinet before condensation occurred. With the cabinet switched off and the disc on for 60 s, 
it was found that only at a distance> 50 mm from the wall did condensation cease. After 
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many tests in a class II cabinet there was some KI condensation on the sash window 100 mm 
away which indicated that at around 50 mm distance from the spinning disc condensation 
ceased. 
The effect of settling was then investigated. A filter paper disc (Whatman No.3) saturated 
with palladium chloride was taped to the cabinet wall and the deposition of KI on the filter 
paper when released from the spinning disc with increasing distance from the wall observed. 
With the cabinet switched off and the disc on for 60 s, at a distance of 50 mm from the wall, 
there was a definite line of KI at a height 2 mm lower than the disc height deposited on the 
filter paper (Table 3.4). There was also scatter of KI particles above and below this line. 
With the disc 100 mm from the wall, no major line was evident but there was some scatter. 
At 150 mm the scatter was much less and only to a height of 22 mm. At 200 mm there was 
no deposition of KI on the filter paper. This indicated that the horizontal stopping distance 
was between 100 - 200 mm from the spinning disc. Scatter above and below the major 
deposition lines may be due to microcirculation of the air, modifying the paths of the 
droplet/particles and perhaps due to other phoretic forces causing attraction to the surfaces. 
Distance between edge of Major line on filter paper Top perimeter of scatter 
spinning disc and cabinet wall 
50mm 381nm 84mm 
75mm 221nm 65mm 
100mm no major line distinguishable 38mm 
l50mm no major line distinguishable 22mm 
200mm no line or scatter no line or scatter 
Table -l.-l Change in vertical scatter afKI particles released from a spinning disc with distance. 
4.4.3 Phoretic forces 
Thennophoretic forces can have an effect on droplet/particle transport in cabinets where the 
internal temperature in a class II may be higher than ambient due to the heat generated by 
recirculating fans and lights (Kennedy, 1988). The marginal failure of the class II cabinet, K, 
was considered to be due to such temperature effects on the challenge aerosol. The internal 
temperature was 3 °C above ambient, which was within the specifications ofBS 5726 : 1992. 
The operator protection tests were repeated at cooler temperatures, i.e. first thing in the 
morning, and for a series offive tests none were below 105. The effect of this may not be due 
solely to the reduction of a thennal gradient between the cabinet interior and the room, but 
also to the effect of the cooler temperatures on the room airtlow near to the aperture. 
The generation of an aerosol can impart an electrical charge to the droplets/particles which 
can result in their attraction to surfaces which are grounded or of opposite charge. Early 
types of spinning disc generators were equipped with charge neutralisers (Hidy, 1984) in 
82 
Chapter 4 
order to reduce this problem. These electrophoretic forces could be important in surface 
deposition and leakage mechanisms in and from the cabinet. 
4.4.4 Operator protection 
When there were clear passes or failures of a cabinet, the microbiological and KI tests were 
shown to have good correlation. Thus by each method the challenge droplets/particles are 
presented to a vulnerable area where leakage occurs, producing similar results. However, in 
marginal cases where the mechanism of leakage is not clear, then the force by which the 
droplets/particles are propelled may be considered to have an affect. 
In section 4.4.2, theory and experimental findings suggest that in still air the aqueous droplets 
propelled from a reflux blast nebuliser will have a velocity that of the carrier gas, and when 
the latter is zero the droplet/particle will have no horizontal motion and will settle. In the test 
method the carrier gas is specified as having a velocity measured in the plane of the aperture 
to be less than the face velocity. Thus the challenge droplet/particle in still air would perhaps 
challenge the aperture but if there is an airflow through the cabinet greater than the carrier gas 
then the droplet will be influenced by this airflow. 
A 40 ~m KI droplet/particle from the theory would have a horizontal velocity component of 
- 25 m1s in the plane of the aperture in still air. However, it does not remain 40 ~m and in 
practice it would appear that the stopping distance is between 100 - 200 mm in still air. This 
would challenge the aperture but at a lower velocity. With the cabinet operational then the 
resistance to leakage of challenge will depend on the face velocity and conditions in the 
aperture plane. If a cabinet has a face velocity within the specifications and there is no 
turbulence then the challenge in practice does not penetrate beyond the aperture plane. 
Assuming a 7 ~m final particle size, then the terminal settling velocity will be much less than 
the face velocity and it would be influenced and suspended by this. Observations of the 
visible aerosol from a spinning disc (100 mm from the aperture plane) released in an airflow 
into the cabinet with a face velocity of 0.5 mls showed it to be swept away towards the 
extract immediately it was produced. 
4.4.5 Cross contamination 
There is a discrepancy between the results of cross contatrunation tests across a solid work 
surface of a class II cabinet using the microbiological method, indicating a pass, and the KI 
method, always showing a failure. The relative disposition of the equipment is similar in both 
methods, there being a 300 mm gap between the source and the first samplers. It would thus 
seem that there is some inherent difference in either the mechanism of challenge 
generation/sampling or the physical presence of the equipment. However, which of the 
methods in use gives the more realistic result? 
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In most class II cabinets with a solid work tray, the downward airflow divides near to the 
work surface and travels to the front and back where it is exhausted through extract grills 
usually in a plane parallel with the work surface. This airflow regime is designed to limit the 
sideways movement of air across the work surface. However, using water fog to visualise 
the airflow at the work surface there is a layer within which the air slows down and may 
recirculate and rise against the downward air. The extent to which this happens varies 
between cabinets. In cabinet K spurious pockets of air were visualised flowing sideways 
across the work surface, in cabinet L the rear extract slot was normal to the work surface and 
created a recirculating air layer above this, level with the top edge of the extract. Cabinet I 
initially had the extract slots at the left and right sides of the solid work surface which 
encouraged cross contamination. 
In the test methods the challenge aerosol would be propelled into and suspended in this 
region of recirculating air near to the work surface where the inertia of the droplet/particle 
would influence how far it may travel horizontally to the samplers. The presence of the 
equipment on the work surface could also disturb the airflow regime exaggerating the 
boundary layer around it. The bulk of the centripetal samplers was shown to cause some 
turbulence around them by water fog visualisation. 
The efficiency of the sampling methods would also affect the results. The centripetal 
samplers actively draw air into them and have a capture velocity which extends from the 
sampler nozzle. The samplers used in the microbiological test depend on the passive 
sedimentation of droplets/particles onto the surface of the nutrient medium in a petri dish. 
The airflow regime in the cabinet results in air passing over the settling plates from which 
settling of suspended 2 Jlm droplet/particles is limited and impaction inefficient due to a 
boundary layer against the medium (Newsom, 1974). 
The KI test method thus would seem to be a greater challenge to the resistance to cross 
contamination than the microbiological method. In reality this may be too severe and normal 
operating techniques may be represented better by the microbiological method. However, to 
represent forced propulsion from spillages etc. the KI method would be better. 
4.4.6 Particle deposition in the containment test 
The deposition of challenge aerosol during a test was greater with the KI method than with 
the microbiological method. When the KI spinning disc generator was placed on the work 
surface, as in class I cabinets, KI would be deposited on the surface around the generator 
(Matthews, 1985: Fletcher & Johnson, 1992). In class II cabinets KI would be deposited on 
the sash windows and front extract grill. Also KI would condense on the body of the 
spinning disc generator. This was more likely to be a result of the position of equipment and 
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the suspension and influence of the airflow within the cabinet on the aerosol rather than due 
entirely to gravitational sedimentation. 
The placement of the aerosol generators 10 class I and II cabinets means that the 
droplets/particles are projected towards a solid surface. In class I cabinets with front lips, the 
aerosol is propelled into the region behind the lip. From flow visualisation there is 
recirculation of air behind this lip across the cabinet floor and any challenge in this region 
would be concentrated possibly resulting in coalescence and deposition. In class II cabinets 
the aerosol is directed at the lower edge of the sash window and there is some impaction of 
droplets/particles here. As the air is exhausted through the front extract grill then there is KI 
deposition here also . Challenge droplets/particles deposited on the generator body are likely 
to be due to impaction of large unevaporated particles as a result of the airflow past the 
generator. 
The result of this is that the amount of airborne challenge is reduced. However, if it is 
accepted that the same amount of challenge is generated in each case and that deposition is 
solely due to the airflow characteristics of the cabinet then the comparison of cabinets is not 
affected . 
4.4.7 Contamination during the test 
The failure of a cabinet to contain a challenge may be due to leakage from the aperture, from 
a leak in the cabinet structure or from contamination during the test. Most often leakages and 
contamination can be sporadic making interpretation of the results of a failure difficult. 
During a routine containment test on a class I cabinet using the KI method after three 
consecutive tests the operator protection factors were satisfactory (Table 4.5). On the fourth 
test the operator protection factor dropped by two orders of magnitude resulting in a fail. 
This cabinet had been tested on numerous occasions as part of a service contract and 
presented no problems. Considering this past record and that a further two tests presented no 
fail it was concluded that the operator had contaminated the test. This was shown by shaking 
the laboratory coat worn by the operator in front of the samplers which resulted in a failure 
(table 4.5 test 7) . 
Test S Sam erC S erD 
1 >6.2 x 1 >6.2 X 106 
2 3.1 x 1 >6.2 X 106 >6.2 x 1 
3 6.2 x 1 6.2 x 1 1.6 x 1 
4 2.1 x 10 6 3.1 x 1 
5 6.2 x 1 6.2 x 1 
6 6.2 X 106 
7 
Table 4.5 Contamination during a typical KI test. (Shaded boxes highlight failures). 
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Background contamination was found when on a separate occasion there was more than one 
class I cabinet being serviced in the room at one time. A normal routine service included 
changing the pre - filter which was being carried out on one cabinet whilst a KI containment 
test was taking place on another. The pre-filter was covered in KI which, when carried into 
the room, resulted in a huge failure of the cabinet being tested to give operator protection 
factors of 102. 
In another instance poor cabinet perfonnance was found to be due to contamination of the 
spinning disc used in the KI method. When the test was carried out on a cabinet with a past 
history of high operator protection factors, there were spurious higher counts (Table 4.6). 
The higher counts (enough to give operator protection factors of 104) were confined to the 
lower samplers. 
Test er 
A B C D 
1 6.2 x 1 6.2 x 1 1.2 x 1 6.2 xl 
2 6.2 x 1 6.2 X 106 3.1 x 1 6.2 x 1 
3 >6.2 x 1 3.1 x 1 >6.2 x 1 >6.2 x 1 
4 6.2 X 106 >6.2 x 10 >6.2 x 10 6.2 xl 
5 6.2 x 1 6.2 X 106 2.1 x 1 
6 >6.2 x 1 6.2 x 1 
7 6.2 x 1 
8 3.1 x 1 
9 >6.2 x 1 
10 6.2 x 1 
11 >6.2 x 1 
12 6.2 x 1 >6.2 x 1 
13 2.1 x 10 6.2 x 1 
14 3.1 x 1 3.1 x 1 
Table 4.6 Contamination during a typical KI test. (Shaded boxes highlight failures). 
There was little to suggest from flow visualisation or the face velocity that substantial leakage 
could be coming from the aperture; there was no outflow of water fog and no environmental 
disturbance. The nature of the leakage was erratic and contalnination of clothing ruled out by 
test 7. Following this the equipment was rearranged to see if this had any effect. The 
spinning disc generator was moved from a position parallel to the plane of the aperture to 
near normal to it, so reducing the obstruction to the flow but this did not change the results 
(test 8). The feed tube to the spinning disc from the pump which had to pass through the 
aperture was relocated from the edge of the aperture to the centre of the aperture beneath the 




Many of the spots sampled were more varied in size (with some much larger ones) than 
normal. The test was then repeated on another cabinet without changing the arrangement of 
equipment (test 14) and this first test showed a significant leakage. It was concluded that 
there was either something grossly wrong with the room ventilation, which was not obvious, 
or that contamination other than that due to clothing was occurring. It has been known that 
intermittent supply of potassium iodide to the spinning disc can cause large droplets to be 
ejected. However this was not the case but it was noticed that there was a significant amount 
of crystallised KI at the edges and underneath the disc when still. Previous testing had not 
produced any problems with the disc becolning contalninated during a run of five tests but 
cleaning it in this case and keeping it clean resulted in no more spuriously high counts. 
It was thus considered that large particles or clumps were detaching from the disc in addition 
to the normal challenge aerosol and which presented a greater challenge to the cabinet 
containment. Why this happens is not clear, because the particles would be expected to be 
deposited behind the front lip, but somehow there path was modified allowing them to 
challenge the aperture. 
4.4.8 Microbiological safety cabinet performance during environmental 
disturbance 
The effect of environmental disturbances on the performance of open fronted contamination 
control facilities to contain respirable hazards is well documented. However, the inclusion of 
such effects into a standard test method was avoided because of the difficulty in making such 
disturbances reliable and repeatable, especially when worker activity was simulated. Barkley 
(1972) incorporated an artificial arm when testing class II cabinets to disturb the juncture 
where the inflowing and downflowing air combine and this was incorporated into national 
standard testing methods. There were further environmental disturbance tests carried out 
under controlled conditions such as for fume cupboards by Caplan & Knutson (1982) who 
studied the effect of cross draughts on perfonnance. This was also carried out by Rake 
(1978) on class II cabinets. 
Clark et. a1. (1990) studied the effect of worker disturbance on class II microbiological safety 
cabinets. Environmental disturbance was created by walking past the cabinet and with an 
operator carrying out manipulations inside the cabinet, such as pipetting, and pouring liquids 
from one container to another. Also, tests were made with the worker moving away from the 
cabinet and then returning to it. It was found that only with the worker moving away from 
the cabinet did the operator protection factors fall below the minimum performance level by 
an order of magnitude. These procedures were repeated in this study, accepting the 
variability of using human environmental disturbances. Also a substantial disturbance was 
created in front of the aperture by creating a draught with an A4 sized board. 
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i) Walk Past. 6 potassium iodide operator protection tests (BS 5726;1992, Part 1, 
Appendix D4) were carried out during which disturbance was created near the aperture by 
walking past the front of the cabinet and inserting and withdrawing arms from the cabinet 
interior. During the 6th test an A4 board was waved in front of the cabinet. 
Protocol: To walk back and forth during a test period, - O.5m in front of the cabinet working 
aperture, at a pace of one stride per second (each stride O.5m in length). Also to insert and 
withdraw an operators arms from within the cabinet interior working volume twice during the 
test period ~ the arms to be manoeuvred as best as possible around the potassium iodide test 
equipment. 
ii) Walk past and draught. In addition to protocol (i), a rigid A4 board was waved 
horizontally -1 m away from the working aperture in two sweeps at a velocity of -1m/s. This 
was done in three positions, two at 45° from the left and right sides of the working aperture 
and one opposite the centreline of the working aperture. 
iii) An operator working at the cabinet. In this test, an operator carried out a repetitive 
and continuous pipetting procedure (e.g. pipetting to and from a multi-well plate and a bottle 
with a suitable automatic pipette) with the hands and arms remaining within the cabinet 
throughout the test. The containment test protocol was the same as specified in BS 
5726;1992, Part 1, Appendix D4 but the potassium iodide test equipment was re-arranged in 
order to allow the operator to sit at the cabinet~ the stainless steel arm was removed and only 
two samplers were used, spaced further apart (Fig. 4.8). 
Operat or 
• 
• Air samplers 
Figure 4.8 Arrangement of air samplers for environmental disturbance tests. 
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iv) An operator working at the cabinet and moving their anns into and out of the cabinet. 
In this test, in addition to working within the cabinet as above (iii), the operator moved away 
from the cabinet (turning to their left), taking a bottle from a bench behind and then returning 
to the cabinet and continuing to pipette. This procedure was repeated 30 seconds after each 
return to the cabinet throughout the duration of the test. 
As shown in Table 4.7 and summarised in Figure 4.9, there was a decrease in operator 
protection below 105 for tests using protocol iv on the class II cabinet. This disturbance was 
greater than would nonnally be expected in a well disciplined laboratory. The presence of the 
worker just carrying out manipulations at the cabinet (protocol iii) did not result in any 
leakage at the position of the samplers. However, the results from the use of protocol iv, an 
operator working inside the cabinet and taking their anns out of the cabinet periodically, 
caused a decrease in operator protection factor below 105 in both the class I and II cabinets 
tested. This agreed with the conclusions of Clark et. al. (1990). Following this test the 
laboratory coat worn by the operator was shaken in the laboratory whilst sampling the air 
showing it to be covered in Kl and it was apparent that particles were deposited onto and 
trapped in the material of the gannent so that as the anns move into and out of the cabinet, 
particles are released within the laboratory. This would also apply to microbiological 
aerosols. Nonna! working practice in a safety cabinet should not require the movement of the 
arms out of the work space and from this investigation it is obvious that an aerosol created 
during the work process may be trapped in the material of the operator clothing and be 
carried into the laboratory. 
Class No. Test OPF Face velocit J (m/s) Downflow velocity 
KI aVK mm max avg mm max 
II L 1 1.4 x 105 0.80 0.32 81 % 116 
% 
.. )T?f<;Fn:pliii.::::: 11 
... ] 
.8 105 ' , 1Il X 
IV ]':::2 ,t ·]·O:~i:::i:i:; 
I A I 1.8 x 105 ] .03 80 % 1 15 % 
.. 1.4 105 11 X 
... 4.1 105 111 X 
IV :' 9::0 
.;. .. ,,:::'1. Q):;: iii:: 
I ;:§:;4 ,;:~:A:q~:::'i::i;: 1.10 96 % 101 0/0 
5 I 1.6 x 10 
I 2.1 X 106 
.. 1.6 106 11 x 
F 
.. 1.6 105 1.1 1 90 % 1 17 % I 11 X 
I G II 2.1 X 106 1.07 88 % 1 14 % 
Table 4.7 Effect on the operator protection factor for class I and c1.~lSS II cabin.~~s when there i~ no 
environmental challenge, when challenged by protocol i, protocol 11, protocollll and protocol IV. 




































Fig. ~.9 Effect on the operator protection factor for class I (2-4) and class II (1) cabinets when there is no 
emlronmental challcnge:=:. and when challengcd by protocol i •. protocol ii O. protocol iii ~ and protocol iv V 
4.5 Key interim conclusions 
• There was a hierarchical structuring of the test methods in the performance assessment 
strategy; flow visualisation, face velocity test with emphasis on a quantitative containment 
test. F or each of these methods a minimum perfonnance criteria was specified and the 
same strategy was used for type testing, commissioning and for routine maintenance. 
• The quantitative containment test method measured the actual leakage from the cabinet. 
For unequivocally 'good' or 'poor' performing cabinets, the results of containment testing 
using the microbiological and KI test methods showed good correlation. However, there 
was some disparity between the two methods for a marginal cabinet and when assessing 
cross contamination. 
• The effect of sedimentation on tracer particles was not thought to be significant compared 
to the flow rate of air and residence time of air passing through the cabinet. More 




C~apter 5 The application of a potassium iodide tracer method (KI-
DIscus) for assessing the containment efficiency of fume cupboards and 
comparison with the method described in BS 7258 : 1994 : Part 4 
5.1 Introduction 
At present a quantitative containment test method for assessing fume cupboard performance 
is not a mandatory requirement of BS 7258 : 1994, but there is a recommended method in 
Part 4 for those who require such a test. In addition, the KI method laid down in BS 5726 : 
1992 for assessing microbiological safety cabinets has been used to assess the containment of 
fume cupboards. In this chapter, a theoretical comparison and correlation of the principles of 
the KI test method and the gas method recOlnmended in BS 7258 : 1994 : Part 4 is 
attempted. Then through practical work such theory is challenged. 
Historically the recotrunended approach for studying the performance of open fronted 
containment facilities was to measure face velocity and its variation across the plane of the 
opening; a variation from the average within + 20 % was considered acceptable. Flow 
visualisation using smoke was also recommended for identifying zones of air disturbance and 
for determining the effects of external disturbances on performance. These methods were 
usually to demonstrate performance deficiencies and therefore could assist the user in 
determining the limitations of a particular facility. 
The development of a quantitative test of performance however developed differently for 
fume cupboards and microbiological safety cabinets. The fume cupboard and class I safety 
cabinet were considered to achieve contaimnent in similar ways (the class II being rather 
different). The only differences between class I cabinets and fume cupboards was the size of 
the aperture, cabinets being fixed at < 200 tnln (BS 5726 : 1992 : Part 1) and fume cupboards 
generally around 500 trun and up to - 800 mm and safety cabinets had filtered discharges 
whereas fume cupboards relied on dilution. However all types were designed to offer partial 
containment and thus could be tested by releasing a tracer inside and measuring what came 
out into the room. Containment testing progressed quickly for safety cabinets but there was a 
much slower development of test methods for fume cupboards. Considering the similarities 
between class I types and fume cupboards, and that both served to contain respirable hazards 
it was strange that containment testing did not follow a similar course. 
It would appear that the intended usage of the facility and occupational health perceptives had 
much to do with this. For safety cabinets the risk of infection and subsequent illness during 
the pioneering years of research into micro-organisms and disease showed a real problem 
with the need for containment and subsequently for facilities that could be shown to work. 
This also brought about a real need for work discipline~ the number of organisms required to 
initiate a disease being as few as 5 for Venezuelan equine encephalitis (VEE) virus. However 
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with fume cupboards there was no real immediately identifiable health risk and so it could be 
argued that less care was taken. Fume cupboards were developed to dilute the potential 
hazard and little was known about levels of toxicity that posed problems, particularly any 
effects that may not produce problems for many years. In such cases the toxin could be lost 
in the body systems and potentially stored until a threshold was reached which may result in 
harm (Vincent, 1990). 
A statement in the Lancet (1956) (and referred to by Newsom, 1976) was that" Experience 
in industry has shown that unless the risk is grave and obvious most people prefer to believe 
they are the lucky ones". This was, at the time, very relevant to microbiological safety 
cabinets but perhaps now is more relevant to the users of fume cupboards. The real or 
apparent threat ( often immediate) From micro-organisms was enough to prompt the 
development of tests to measure their performance. Many infections involved personnel in a 
particular research unit and reflected research interests. Several diseases did not occur 
outside the research laboratory. 
For fume cupboards the drive to establish quantifiable perfonnance was less. Barkley (1972) 
pointed out work by Wright (1964) who quoted Ramazzini (1700) "Chemists boast that they 
have mastered the art of subduing every kind of mineral, yet they themselves do not come off 
scot-free from their pernicious influence. They very often bring on themselves the same 
ailments as do other workers who deal with minerals, and in spite of their persistent denials 
the colour of their faces reveals the fact". F or many chemicals used, the effect of exposure 
was not immediate and symptoms could occur several years later. However, the implication 
of their effects were not known nor could they be traced. This could lead to litigation on the 
part of employees and with greater awareness of the toxicity of chemicals led to the 
development of quantitative tests. 
The only quantitative test mentioned by Barkley (1972) was that of Papa (1966) who used 
propane as a tracer. Barkley suggested that the test had to be representative of the type of 
substance for which the facility was designed to contain. For partial containment facilities 
control of exposure to aerosols constituting a respirable hazard both gases and particulate 
tracers were contemplated. 
The quantitative test should show a measurable level of perfonnance. In terms of a safety 
cabinet it was shown that in order to measure a perfonnance of 99.999 %, the challenge must 
be significantly greater than that produced by common activities. However containment 
testing of fume cupboards went down the road of using gas tracers instead of particulates and 




5.2 Qualitative cOlnparison of air flow through fume cupboards and safety 
cabinets 
There is a similarity between the air flow within a class I microbiological safety cabinet and a 
box fume cupboard (section 2.2.1 ~ 2.3.1). In both there are large air recirculation zones 
behind the sash and near to the work surface. In class I cabinets this is exaggerated by a lip at 
the front of the work surface. The air flow structure within an aerodynamic fume cupboard, 
although principally the same, is quite different. The presence of rear baffles and aerodynamic 
entry foils eliminate recirculation zones at the edges of the aperture and across the work 
surface and there is effective scavenging of the working volume. Within class II 
microbiological safety cabinets, the air flow structure has no similarity to either class I 
microbiological safety cabinets or fume cupboards. 
5.3 The potential use of particle tracers and the KI test method for assessing the 
performance of funle cupboards 
Doubt was expressed about using aerosols for assessing fume cupboard performance but as 
particles of small size would remain airborne for a considerable time they were expected to 
disperse in a similar way to gases in the short residence time of air flowing through the 
containment facility. Particle deposition and challenge was discussed in section lr.4-.2.. and 
Lt-,4-:6 and this would not be expected to be a problem if the particle momentum was low in 
relation to the air flow velocity. It was shown that at lower airflows and larger particle sizes 
that natural sedimentation would become a problem (Hambraeus & Sanderson, 1972 ; Shaw, 
1972; Whyte & Shaw, 1973; Chamberlain and Leahy, 1978 ; Caplan & Knutson, 1982; 
Rampl & Shulman, 1985; Clark, 1989). Also if the distance between the source and the 
sampler was small then the time that the particle was airborne and potentially sampled or 
influenced by the airflow would be far in excess of the particle settling rate. Other factors, 
such as the deposition of particles by impaction, would be thought due to the airflow pattern 
and therefore would simulate reality. 
More recently the KI particle tracer test system for assessing safety cabinets in BS 5726 : 
1992 : Part 1 was proposed as an alternative for incorporation into BS 7258 : 1994 : Part 4 as 
a method of containment testing (Clark et. aI., 1984: A letter to the BS 7258 working group, 
Clinical Research Centre). There was a sound basis for this owing to way that containment 
was achieved by class I microbiological safety cabinets and fume cupboards. Fletcher & 
Johnson (1992) used the KI method on a conventional and a 'vortex' type cupboard. These 
cupboards gave operator protection factors in excess of 105 but the workers discontinued 
with this method because of deposition ofKI on the work surface. They claimed this would 
reduce the number of challenge particles but did accept that as the protection factor, for any 
particular type of enclosure, had been chosen in the light of experience in using the test 
method, then this was not too significant. They also commented on the ambiguity in the BS 
5726 document 1979, which has since been revised, of the position of the spinning disc 
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generator and the samplers, which was not consistent. They further commented on the fact 
that the method gave an overall figure for comparison but did not indicate where a leakage 
could occur and scanning the face was considered a lengthy procedure. 
Clark et. al. (1987) described a modified test method using KI particles as an alternative to 
the gas tracer test, backed up by extensive practical use. In the field it was found to give a 
good indication of a pass or fail (very much as for safety cabinets). This method differed from 
that for a class I safety cabinet mainly in the detailed disposition of the equipment and in the 
number of challenge and sampling sites. The aerosol generation and sampling was carried out 
at varying heights up to the maximum aperture height, and for cupboards wider than 1200 
mm the test was repeated at the centres of the left and right halves of the aperture. 
5.4 The application of the KI containment test method for the assessment of 
microbiological safety cabinet performance (BS 5726 : 1992 : Part 1) to the 
assessment of fume cupboard performance 
5.4.1 Aerodynamic fume cupboard performance in a test room 
The operator protection factor of the aerodynamic fume cupboard when tested in the test 
room specified in BS 7258 : 1994 : Part 4 using the KI method specified in BS 5726 : 1992 : 
Part 1 for safety cabinets (Fig. 5.1) was greater than 1 x 105 giving sitnilar performance to a 
Class I microbiological safety cabinet (Table 5.1). However, the position of the test 
equipment in aerodynamic fume cupboards was not thought to give a suitable challenge as the 
air flow regime was very different to that of the class I safety cabinet, there being a 
stratification of airflow with limited lateral mixing vertically. 
Cent re left ha If Cell1lt Ire lniglhllt IhIaI llif 
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Figure 5.1 Arrangement of the KI equipment (using the method specified in BS 5726 : 1992 : Part 1 for 
class I safety cabinets) for testing containment of fume cupboards. 
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Type Sash Face Position Kl ~th de oounfs /sampler- - -
Height Velocity A B C D MA'J.. OPF 
Aerodynamic 0.5 m 0.45m/s Centre 0 0 0 0 
(in test room) 3 1 4 10 
(see sec.::'.2) 1 0 1 0 10 6.2 X 105 
Centre left 1 1 0 4 
1 1 3 6 
3 2 2 8 8 7.8 X 105 
Centre right 0 1 3 1 
3 5 4 3 
3 3 3 2 5 1.2 X 105 
Blank 1 0 0 0 
-Table ).1 Operator protection factors)for an aerodynamic fume cupboard in a test room using the 
equipment arranged in Fig. 5.1. (OPF) 
5.4.2 Field survey of fume cupboard performance 
The applicability of the BS 5726 : 1992 class I microbiological safety cabinet KI 
containment test method (section 4.2.3) for use on fume cupboards was assessed in a 
fume cupboard survey at King's College London. These fume cupboards were initially 
graded using a hierarchy of tests including face velocity and flow visualisation (section 
2.4, App.4), and then a sample of them were tested using the KI method and an operator 
protection factor applied. Three repeat tests were carried out for each cupboard and the 
worst result recorded (Table 5.2). Each cupboard was tested 'as-used' which meant that 
no attempt was made to remove equipment from within the cupboard or prevent normal 
working practice from carrying on in the other parts of the room where installed. 
5.5 Correlation of the KI containment test method (BS 5726 : 1992 : Part 1) 
with the grading scheme used for assessing fume cupboard performance in the field 
survey 
Correlation of operator protection factor and grade for the cupboards tested (Table 5.2) wasr~ 
0.65 indicating that as the graded score improved then the operator protection factor 
increased (Fig. 5.2). This was significant at P = < 0.005, but the r value accounted for < 36 
% of the total data variance. Correlation of the grade with the number of spots counted on 
each filter was not significant at 0.43 (Fig. 5.3). The graphs suggested a general trend to 
support an increase in operator protection with improved grade score but there were 
anomalies where a cupboard with a seemingly good grade had a poor operator protection. 
However, of those cupboards which had very poor grades, there were none with operator 
protection factors above 105. These included aerodynamic and conventional box type fume 
cupboards. For many cupboards with good grades but low operator protection factors, the 
face velocities were below 0.5 mls. However, correlation of the operator protection factor 
with the face velocity did not show a strong relationship, having an r value of 0.34 which was 




Flc type Comments Sash Velocity 250 Velocity 500 Fog score Grade OPF 
height m/s var»10 m/s var% 250 500 250 500 Avg mm 
Aerodynamic Centre 500 0.47 10 I 6 3.6x106 6.5xl05 
(Fumair in test room) Centre Left 500 6 2.3x106 7.8x 1 05 
Centre right 500 6 2.4x106 1.2x 106 
Aerodynamic Centre 500 0.5 X 0.5 8 I I I I 4.9x105 1.7xl05 
(Fumair installed in lab) 250 4.lxlO 6 8.9x105 
Aerodynamic 500 0.81 3 0.43 23 2 2 4 24 6.9x105 8.6x104 
spinning disc abo\'e arm 500 24 2.lx lO6 LOx 106 
Aerod\'namic/portablc Centre -l55 0.19 26 3 lOX 6.0x 10: 5.3x lO: 
BoX/single sash Sash full height 715 0.58 -100 3 ? 8. 9x IO -1 LOx 104 
BoX/single sash Sash l' 305 0.66 -15 I 1 4.0x104 3.2xlO 4 
Sash full height 822 0.2-l -38 3 lOX 3.7x103 1.5x 103 
BoX/single sash Sash full height 826 OA -100 3 7 7.2x10 3 3Axl03 
BoX/single sash Sash full height 682 0.56 -l3 1 2 3.lx106 5.6x105 I 
BoX/single sash Sash full hcight 5.6x103 " 715 0.2 -50 3 108 8.3x 10-
BoX/single sash Sash full height 710 0.6-l -100 1 ? 8.6x105 3.0x105 
Box/double sash Sash A full height 715 0.33 -55 3 72 6.7x102 -l.lx 10: 
Box/double sash Sash A low speed 685 0.2 -100 3 ? 1.2x 10 3 TNC 
Sash A high speed 685 0.-l3 170 3 ? IAxlO3 7.1x 10: 
Box/double sash Sash B full height 690 0.26 27 3 108 LOx 102 LOx 102 
Box/double sash Sash A 500 0.65 8 0.3-l 12 3 3 9 18 6.2x103 I.-lxI0 3 
Sash B 500 0.62 5 0.38 21 3 .., 9 5-l 1.8xl04 -l. 7x 103 .) 
Aerodynamic Tested centre left due to shield in middle 598 -100 3 ? 5.2x105 LOx 105 
Sampler centre left below Iipfoil ? 1.6x104 8.2x103 
Tested centre right due to shield in middle "- ? 1.6x106 2.3x105 
Box/single sash Tested in front of HPLC equipment 826 0.39 -100 3 ? 1.2x106 -l.lxI05 
Tested to left of HPLC equipment ? 9.5x104 2.8x 104 
Table 5.2 The performance and Operator Protection Factors (OPF) of fume cupboards tested at King's College London. A? grade was given to a cupboard with a variation in face 
velocity> 1000/0: For statistical analysis this was graded 108. TNC - To Numerous to Count. 
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Figure 5.3 Change in the number of KI particles sampled with grade. 
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There were anomalies in the containment testing results. In the case of an aerodynamic fume 
cupboard which was used for radioactive work, this had the lower rear scavenging slot 
blocked by lead shielding and a Perspex® shield was positioned in the middle of the aperture, 
so effectively dividing the aperture into two halves. The position of the cupboard was near to 
a swing door which, using flow visualisation, was shown to pull air from beneath the lipfoil 
when opened or closed. The cupboard was subsequently given a low grade. The results 
using the KI method in the positions as used for BS 5726 for testing class I microbiological 
safety cabinets did not produce operator protection factors below 105. However, 
97 
Chapter 5 
repositioning a sampler below the lipfoil, in the region of the observed leakage, reduced the 
operator protection factor by 2 orders of magnitude. 
In another case, there was a large piece of equipment inside the cupboard obscuring the right 
half of the aperture. When tested with the spinning disc generator in the position specified in 
BS 5726 : 1992, a protection factor above 105 was achieved. However, moving the disc to 
the centre of the left half and repeating the test resulted in the protection factor being reduced 
by an order of magnitude. 
It was concluded that the relative positions of sampler and disc were not appropriate for 
testing fume cupboards, in the positions specified in BS 5726 : 1992 for testing class I safety 
cabinets. This arrangement could demonstrate differences in containment performance but 
there were cases when obvious leakage was not identified. 
5.6 Theoretical conlparison and correlation of the KI test method (BS 5726 
:1992:Part 1) with the gas test method for fume cupboards (BS 7258:1994:Part 4) 
The maximum sensitivity for the gas test is 0.001 ppm using a calibrated Miran infrared gas 
analyser and ignoring the instrument noise. The release rate of 10 % SF6 gas for a 1.2 m wide 
cupboard was 0.24 Vmin (4 x 10-6 m3 Is) and during a test period of 10 mins a total volume of 
2.4 litres (2.4 x 10-3 m3) was released within the cupboard. The volume of air sampled was 2 
Vmin (3.33 x 10-5 m3/s) and the total for the test was 2 x 104 rnl (0.02 m3). 
The maximum sensitivity for the BS 5726 : 1992 : Part 1 KI method is achieved when 1 
particle is recovered. If the effective diameter of a single KI particle after evaporation of the 
initial droplet spun from the edge of the spinning disc is 7 /.lm, assuming the particle to be 
spherical, then the effective volume is 1.8 x 10-16 m3 (1.8 x 10-10 ml). During a test 2 x 10-5 m3 
(20 rnls) of solution are aerosolised which is equivalent to 6 x 108 particles. After evaporation 
the total volume of particles is 1.08 x 10-7 m3 (0.108 Inls). The volume of air sampled was 
100 Vmin and the duration of the test was 8 mins 48 secs (8.8 mins), the total volume of air 
sampled was 0.88 m3. If one particle were sampled during a test (the maximum sensitivity) 
then the equivalent concentration (Volume particleNolume of air sampled; 1.8 x 10-10 
ml/O.880 m3) is 2.05 x 10-10 ppm. 
For the microbiological method assuming that the aerosol produced from the nebuliser is 
monodisperse and the final size of the droplet to be 2 ~lm diameter after evaporation of the 
initial droplet, then if the droplet is spherical the effective volume is 4.2 x 10-18 m3 (4.2 x 10-12 
rnl). During a test 3 x 108 spores are aerosolised in some 4 minutes minimum, and after 
evaporation the total volume of particles is 1.26 x 103 m3 (0.00126 mls). The volume of air 
sampled is 30 Vmin for a slit sampler and the duration of the test is 10 mins, then the total 
volume of air sampled is OJ m3. If one droplet is sampled during a test (the maximum 
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sensitivity) then the equivalent concentration (Volume particleNolume of air sampled; 4.2 x 
10-12 ml/0.3 m3) is 1.4 x 10-11 ppm. 
The theoretical containment efficiency (CEgas, dimensionless) for the gas tracer method is: 
CEgas = {1-(CoQ/r)} x 1000/0 where r is the release rate of test gas inside the fume cupboard 
(ml/s) , Co is the concentration of test gas detected in the plane of the sash, averaged over 
space and time (ml/m3, or ppm) and Q is the volume flow rate through the cupboard (m3/s) 
This equation approximates to {1-( CjC j) } x 1000/0 where C j is the concentration of the tracer 
inside the cupboard. 
The equivalent dimensionless containment efficiency for a particle tracer is: 
C~c1e={ 1-(nQINS)}xI000/0 where N (dimensionless) is the number of particles liberated 
(droplets/s), n ( dimensionless) is the number of particles sampled, Q is the volume flow rate 
through the cupboard (m3/s), and S is the volume of air sampled 
Applying this containment efficiency to both the results of the BS 7258 : 1994 : Part 4 
method and the BS 5726 : 1992 : Part 1 microbiological and KI methods at their most 
sensitive level for a facility with a flow rate of 0.3 m3/s it can be seen that the use ofa particle 
is much more sensitive than a gas tracer allowing measurement of petformances above 
99.999 % efficiency whereas for gas only 99.99 % efficiency is possible (Table 5.3). 
Test Quantity released Max. Containment Recommended Containment 
sensitivity efficiency limits efficiency 
Gas 4 ml/s 0.001 ppm 99.993 % 0.2 ppm 98.5% 
Microbial * 1.25 x 106 dplts/s 1 colony 99.99992 0/0 9 colonies 99.999 % 
KI 1.14 x 106 ptcls/s 1 particle 99.99997 % 60 particles 99.998 % 
Table 5.3 Sensitivity and efficiency of tracer gas, microbiological and KI tracer methods. *The 
recommended limits can alter depending on the challenge dose. 
This can also be shown when using the operator protection factor as an indicator of 
petformance (Table 5.4) as used in BS 5726 : 1992 : Part 1. This was the ratio of transfer 
indices for the open bench and the cabinet giving an operator protection factor (OPF) which 
can be used to compare one cabinet from another cabinet: OPF = Ns/vn, where v is the rate 
of the supply of ventilating air (m3/min) (standard 10m3 /min), N is the quantity of tracer 
liberated (number of particles), n is the number of particles sampled and s is the sampling rate 
(m3/min) 
For gases this may be rewritten as: OPFgas = (Vsow·ce S)/(V sampled V) where V source is the total 
volume of test gas released (mJ) and Vsampled is the total volU1ne sampled (mJ). 
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Test Max. OPF 
sensitivity 
Gas tracer 0.001 ppm 2.4 x 104 
Microbiological * 1 colony 9 x 105 
Particle tracer 1 particle 6.0 x 106 
Table 5A Operator protectIon factors achIevable using the gas. microbiological and KI tracer methods. 
*The OPF may \'ary as the challenge dose is not fixed (see section 4.2.6.3.1) 
If the equipment was at the same position for each assessment method then, ignoring the 
effects of tracer generation and sampling, the results would be comparable and correlated. 
However, the fundamental principles of the tests differed. The KI method (BS 5726) 
challenged the weakest point for containment in the plane of the aperture. That for a class II 
cabinet was the juncture where inflowing air and downflowing air met and for a class I 
cabinet the weakest point was considered the lower edge of the aperture. In both cases an 
artificial ann was used to disturb the airflow. The BS 7258 test did not challenge the weakest 
point but seeded the working volume of the fume cupboard with the tracer and sampled the 
passive escape of contaminant. 
The position of the tracer source and air samplers differed between the two methods. The KI 
source was fixed 100 mm from the plane of the aperture in one position. In the BS 7258 test 
the source was positioned 150 Inm from the aperture plane and moved to six positions 
around the aperture. The KI centripetal samplers had a large sampling flow rate and were 
positioned 150 - 160 mm in front of the aperture plane. The gas probes had a lower 
sampling flow rate and were positioned in a grid in the aperture plane itself. Thus the KI 
test sampled actual leakage and the BS 7258 test sampled both potential and actual leakage 
without distinction between them. In terms of sampling the KI test was more closely 
comparable to the ASHRAE 110 and DIN 12924 test methods. 
For correlation of the KI and B S 7258 containment test methods these fundamental 
differences had to be taken into consideration. In tenns of a pass or fail the questions to be 
asked were "ifleakage was sampled using the centripetal samplers indicating a fail, would this 
be reflected in the amount of gas sampled and, vice-versa, if a considerable quantity of gas 
was sampled in the plane of the aperture indicating poor performance would this reflect in the 
number of particles sampled 150 mm from the aperture plane?". 
Theoretical correlations between the results of the containment tests have been given in 
respect of the plane of the aperture (Bicen, 1993Jlby extrapolation assuming dilution from a 
sampling point a fixed distance from the aperture plane to the plane itself. This assumed that 
concentration levels measured at 150 mm away from the aperture were lower by at least 100 







What was sampled 150 Inm from the plane would be sampled in the aperture plane 
Dilution was applicable to particle transport 
The mechanism of tracer generation had no effect 
This theoretically correlated results from KI tests with the BS 7258 for sampling in the 
aperture plane but not vice-versa. At the theoretical sensitivities of the KI test, if one particle 
of KI were sampled 150 -160 mm away from the aperture plane giving a petformance 
efficiency of 99.99997 % then the interpolated efficiency at the aperture plane was far less, 
99.997 0/0. This value was still in excess of the maximum sensitivity of tests using gas tracer. 
In order to correlate a value ofKI with gas then an equivalent amount of gas must be sampled 
in the aperture plane to give a similar performance efficiency. However the testing 
philosophies were different and it may be that gas sampled in the aperture plane indicating 
poor petforrnance would not necessarily leak to 150 mm away and conversely this also had to 
assume that the particles in the plane of the aperture would escape containment and leak out 
to the sampling position 150 mm away. 
This may be feasible theoretically but are the assumptions correct? A gas would be expected 
to disperse by turbulent and molecular diffusion. An aerosol of particles will initially disperse 
like a gas, but the final challenge particles have fixed dimensions, and so an individual particle 
would not disperse further at the molecular level. In terms of leakage from the aperture plane 
and sampling a fixed distance from this plane, a single particle leak can be detected whereas 
for an equivalent volume of gas this would be expected to disperse at the molecular level 
before reaching the samplers and not detected. Interpolation of this result back to the 
aperture plane does not mean that there is an enormous number of particles leaking but only 
one. However by assuming a proportionally greater number in the aperture plane does err on 
the side of safety. 
Another assumption that could be questioned is that, due to the active propulsion of challenge 
particles in the KI method and only the passive discharge of gas in the BS 7258 method, is 
there a chance that particles could leak and no gas be sampled in the plane of the aperture? 
These questions go beyond theoretical realm and would have to be answered practically. 
5.7 Use of a nitrogen gas jet to induce leakage from the fume cupboard 
aperture into the test room for subsequent assessment of both methods 
A copper welding tip was used as a nozzle with internal diameter of 3 mm to give a velocity 
which induced a leakage from the fume cupboard into the test room; the flow rate of nitrogen 
gas through the nozzle was in the range of 0 - 10 Vmin as scaled on a rotameter. The nozzle 
was positioned inside the fume cupboard supported by a clamp so that the front edge was a 
set distance from the rear baffle and the work surface. 
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Leakage was first ascertained using the recommended containment gas test method for fume 
cupboards described in BS 7258 : 1994 : Part 4 with the source in position P3, the sampling 
grid in the plane of the sash and with the nitrogen gas jet positioned inside the cupboard with 
the front edge of the nozzle 150 mm from the rear baffle (unless otherwise specified) and the 
centre line of the nozzle directed at and level with the top edge of the source funnel. In 
addition to induce leakage to the position of the centripetal air samplers as in BS 5726 : 1992, 
the sampling grid was positioned 150 mm from the plane of the aperture into the test room 
and the gas test repeated with the nitrogen jet. 
jet diameter jet flow jet velocity cupboard face Source P3 
(mm) rate (Umin) (m/s) velocity (m/s) (leakage) 
Sampling grid in the plane of the sash Get level with centreline and top edge of funnel) 
2 0 0 0.47 no 
2.8 17.9 0.47 no 
4.7 24.9 0.47 yes 
6.8 36.1 0.47 yes 
8.6 45.6 0.47 yes 
3 6 14.2 0.47 no 
7 16.5 0.47 yes 
8 18.9 0.47 yes 
Sampling grid 150 mm in front of the plane of the sash 
3 8 18.9 0.47 no 
9 21.2 0.47 yes 
10 23.6 0.47 yes 
Centre line funnel and nitrogen jet 15 mm above lipfoil 
3 6 14.2 0.47 no 
7 16.5 0.47 no 
8 18.9 0.47 yes 
Centre line funnel and nitrogen jet at centre line of cupboard 
3 6 14.2 0.47 no 
7 16.5 0.47 no 
8 18.9 0.47 yes 
Centre line funnel and nitrogen jet 15 Inm below sash foil 
3 6 14.2 0.47 no 
7 16.5 0.47 no 
8 18.9 0.47 no 
9 21.2 0.47 yes 
-Table 5.5 Determination of leakage usmg SF6 and the BS 72)8 : 1994 contamment test method. 
A higher flow rate of nitrogen was required to induce leakage near to the sash handle than the 
other heights of the aperture (Table 5.5). Thus, for tests with induced leakage beyond the 




5.8 Use of the induced leakage to ~lssess the applicability of the KI containment 
test method (BS 5726 : 1992 : Part 1) for use with the ae."odynamic fume cupboard 
The jet nozzle was positioned 250 mm away from the aperture plane (closer to the plane than 
previously tested) and nitrogen was discharged at a flow rate of 10 lImin to induce leakage 
from the cupboard at three heights shown in Fig. 5.5 . When the jet was in position Nc, above 
the artificial arm, substantial amounts ofKI particles were sampled 150 mm from the aperture 
plane (Table 5.6). However, with the jet at the other two positions no leakage from the 
cupboard was demonstrated. From the gas tests it was known that at these sampling 
positions leakage did occur and it was thus concluded that the position of the KI equipment 













Figure 5.5 Arrangement of tl~e KJ equipment as specified in BS 5726 : 1992 : Part 1 for c1ass I cabinets 
and a nitrogen jet for assessing the applicability of the method. 
Type Sash Face Position of jet Sampler Max OPF 
Height Vel A B C D 
Aerodynamic 0.5 m 0.45 No jet 13 6 9 6 
(in test room) (MIs) 7 11 17 3 
(see sec."3.Z) 4 8 7 5 17 3.7 x 105 
Room 15 22 19 7 22 2.8 x 105 
Na 9 19 20 9 20 3.1 x 10 5 
Nb 19 23 19 8 23 2.7 x 10 5 
Nc 8 20 41 1899 1899 3.3 x 10 3 
Nc, disc in mid 24 31 244 2002 2002 3.1 x 103 
, , Table 5.6 Number of KI partIcles sampled III front of cln aerodyndmlc fume cupboard WIth mduced 
leakage using the BS 5726 : 1992 : Part 1 method. (EqlJlpmen~ arrol'\!)ed ,,5 '" F!j. 5.5). 
5.9 Comparison of the relative position of tracer source and samplers 
recommended in BS 7258 for use with the KT equipment 
It was shown that the disposition of equipment was critical and that specified in BS 5726 : 
1992 : Part 1 not suitable (section 5.8). The equipment was then arranged in order to 
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compare the posItIon of the source and the sampling posItIons with the gas test as 
recommended in BS 7258 : 1994 : Part 4 (Fig. 5.6) . The following protocol was used. 
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Figure 5.6 Arrangement of the KI equipment for comparison with the position of the source and 
samplers in BS 7258 : 1994 : Part 4. 
a) Three samplers were placed 150 nun from the plane of the sash in the test room, 150 mm 
from the right hand side of the aperture A) 50 mm below the lower edge of the sash foil, B) 
vertical centre line of the working aperture in line with the spinning disc, C) 50 mm above the 
upper edge of the lipfoiI. The spinning disc was placed 100 mm from the plane of the sash in 
the vertical centre line of the working aperture. 
b) Three samplers were placed in the plane of the sash, 150 mm from the right hand side of 
the aperture A) 50 mm below the lower edge of the sash foil, B) vertical centre line of the 
working aperture in line with the spinning disc, C) 50 mm above the upper edge of the lipfoil. 
The spinning disc was placed 100 mm from the plane of the sash in the vertical centre line of 
the working aperture. 
c) Three samplers were placed in the plane of the sash, 150 mm from the right hand side of 
the aperture A) 50 mm below the lower edge of the sash foil, B) vertical centre line of the 
working aperture in line with the spinning disc, C) 50 mm above the upper edge of the lipfoil. 
The spinning disc was placed 150 mm from the plane of the sash in the vertical centre line 0f 
the working aperture. 
Face Position of Sampler Highest 
Velocitylmls" e-.9,uipment A B C 
0.48 as in (a) 9 ]0 7 10 
0.48 as in (b) 90% 100% 3 100% 
0.48 as in (c) 7 1219 5635 5635 
Table 5.7 Number of KI partIcles sampled 111 front of the cupboard WIth the eqUIpment arranged as in 
protocol 5.9 a, band c. Cia indicates the ctteO.. cf Filt-er cover~e). 
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From the results in Table 5.7 it was clear that sampling in the plane of the aperture (as in BS 
7258 : 1994) using the KI equipment was not possible as the samplers were saturated with 
particles. This suggested that the particles were flung from the spinning disc at the aperture 
and were challenging this plane. The physical size of the centripetal samplers could also have 
an effect, causing a small region of air recirculation in front into which the particles were 
discharged. 
With the source 100 mm from the plane of the aperture as in (b) the middle and top samplers 
were saturated. However, as the source was moved to 150 mm from the aperture plane (c) 
the bottom sampler had the highest counts. This suggested that either the particles were 
settling or that they were influenced by the flow of air as it passed through the aperture. 
5.10 Use of the induced leakage to establish the relative position of tracer source 
and samplers of the KI test method fo." further assessnlent 
In order to establish more representative positions for the KI source and sampling equipment, 
the spinning disc generator and samplers were positioned at 3 heights to cover the working 
aperture. A jet of nitrogen gas was used to induce leakage out of the cupboard into the test 
room from each of 3 heights (Fig. 5.7). The artificial arm was not used as it was considered 
not to have a measurable effect on disturbance due to the size of the aperture. The following 
protocols were used. 
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Figure 5.7 Arrangment of the KJ equipment and a nitrogenjcl for the assessment of leakages from cupboards. 
a) A single sampler, B, was placed ISO mm from the plane of the sash in the test room, ISO 
mm from the right hand edge and in the vertical centreline of the aperture, in line with the 
nitrogen jet, Ns. and the spinning disc, PB, 100 mm from the plane of the sash. 
b) Three samplers were placed ISO mm from the plane of the sash in the test room, 150 nun 
from the right hand side of the aperture A) 50 mJTI below the lower edge of the sash foil, B) in 
the vertical centre line of the working aperture, C) 50 mm above the upper edge of the lipfoil. 
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The nitrogen jet nozzle, Ng , was placed 150 mm from the rear baffle and the spinning disc, 
PB, was placed 100 mm from the plane of the sash, both in line with sampler B. 
c) Three samplers were placed in the plane of the sash, 150 mm from the right hand side of 
the aperture A) 50 lTIm below the lower edge of the sash foil, B) in the vertical centre line of 
the working aperture, C) 50 mm above the upper edge of the lipfoil. The nitrogen jet nozzle, 
Nc, was placed 150 mm from the rear baffle in line with sampler C and the spinning disc, PB, 
was placed 150 mm from the plane of the sash in line with sampler B. 
Face Jet velocity Position of SamJ>ler Highest 
Veloci!Y(M!S1 em/s) equipment A B C 
0.45 14.2 as in (a) 17 17 
0.48 ..,~ 6 
.... -' . as in (b) 18 5796 4 5796 
0.48 16.5 as in (c) 321 2254 80% 80% 
-Table ).8 Number of KI particles sampled in front of the Clipboard with the equipment arranged as in 
protocol 5.\Oa. band c. (%, \ndicoJe.5 the ~reo.. oF' f'i H"er c.ove~) . 
d) Three samplers were placed 150 mm from the plane of the sash in the centre line of the 
aperture A) level with the lower edge of the sash foil, B) in the vertical centre line of the 
working aperture, C) level with the upper edge of the lipfoil. The nitrogen jet nozzle was 
placed 150 mm from the rear baffle NA) level with sampler A, NB) level with sampler B, Nc) 
level with sampler C. The spinning disc was placed 100 IruTI from the plane of the sash P A) 
level with sampler A, PB) level with sampler B, Pc) level with sampler C. 
Face Jet Position of equipment Sampler Highest 
Velocity Velocity disc jet A B C 
0.5 mls 23.6 mls PA 3 1 3 
1 3 1 
1 0 3 3 
NB 106 5723 28 5723 
Nc 2 1 1 
Pg 2 3 0 
1 2 2 
2 2 3 3 
NA 1 1 1 1 
Nc 3 1 500 500 
Pc 1 1 0 
2 2 0 
0 2 0 2 
NA 1 3 1 3 
Table 5.9 Number ofKI particles sampled In front of the cupboard With the eqUIpment arranged as 111 
protocol5.10d. 
e) The effect of the generator bulk on the dispersal of the jet, reducing leakage, was 
investigated. Three samplers were placed 150 mm from the plane of the sash in the centre 
line of the aperture A) level with the lower edge of the sash foil, B) in the vertical centre line 
of the working aperture, C) level with the upper edge of the lipfoil. The nitrogen jet was 
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placed 300 mm from the plane of the sash NA) 15 mm below sashfoil, NB) level with sampler 
B, Nc) 15 mm above the lipfoil. The jet was then moved to different points around the 
spinning disc (Pc), described in Table 5.10, to study the effect of the disc generator on the 
dispersal of the jet. The spinning disc 100 mm from the plane of the sash P A) level with 
sampler A, PB) level with sampler B, Pc) at a level 15 mm above the upper edge of the lipfoil. 
Avg. Face Jet velocity Sampler Highest 
Velocity (mls) A B Ie 
i) Spinning disc in position Pc and nitrogen iet in position Nc in line with disc centre 
0.5 mls 23.6 9 2 I 3 9 
ii) Spinning disc in position Pc and nitro~en jet in position Nc but in-line with edge of disc 
0.5 mls 23.6 6 14 I 1964 1964 
iii) Spinning disc in position PH and nitrogen jet in position NB but in line with edge of disc 
0.5 mls 23.6 12 82 I 5 82 
iv) Spinning disc in position PB and nitrogen jet in position NA but in-line with edge of 
spinning disc generator 
0.5 mls 23.6 18 23 I 9 23 
Table 5.10 Number of KI particles sampled in front of cupboard with the equipment arranged as in 
protocol 5.10e. 
f) When the centre of the spinning disc was level with the nitrogen jet, the bulk of the 
generator was shown to disperse the jet so reducing the artificial leakage (Table 5.10). 
Further tests were done using protocol e) but with the nitrogen jet directed past the edge of 
the spinning disc (Table 5.11). 
Avg.Face Jet Position of equipment Sampler Highest 
Velocity Velocity disc jet A B C 
0.5 mls 23.6 mls PA NA 50 38 1 50 
NB 3 437 2 437 
Nc 5 1 0 5 
PB NA 4860 3465 9 4860 
NB 0 500/0 12 50% 
Nc 2 1000/0 3013 100% 
Pc N.\ 1 1 20 20 
NB 0 67 4 67 
Nc ., 0 8748 8748 .) 
Table 5.11 Number of KI particles sampled 111 front of cupboard wIth the eqUIpment arranged as m 
protocol 5.10e but with the jet directed at the edge of the disc rather than the centre. CO/b} ind,cat-e5 +he.. 
Ore a. of fi I~er covera.ge). 
In using the KI containment test method, the position of the spinning disc was shown to be 
critical in the challenge to the face of the aerodynamic fume cupboard. The nitrogen gas jet 
substantially induced leakage from the face of the cupboard as demonstrated both by the 
sampling tracer gas and KI released from within the cupboard. With the spinning disc in the 
positions level with the lipfoil or the underside of the sash foil, a jet induced in the furthest 
position was not sampled. However, with the spinning disc in the centre of the working 
aperture, leakage was detected for all positions of the nitrogen jet. For testing purposes the 
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spinning disc generator and samplers should be placed in all three positions. Due to time and 
money further tests were carried out with the spinning disc in position PB and three samplers 
in positions 1\ B and C. 
5.11 Conlparison of the BS 7258 test Inethod results with the modified KI test 
method results at different face velocities 
In section 3.9.6 the perfonnance of the aerodynamic cupboard in the test room was assessed 
at differing face velocities and no tracer gas was sampled in the plane of the sash even at a 
lower face velocity of 0.25 mls. There was some gas detected near to the sash foil at higher 
face velocities of 0.85 mls. The assessment was repeated using the KI method with the 
equipment arranged in the revised position discussed in section 5.9. Three samplers were 
placed 150 mm from the plane of the sash in the centre line of the aperture A) level with the 
lower edge of the sash foil, B) in the vertical centre line of the working aperture, C) level with 
the upper edge of the lipfoil. The spinning disc was placed 100 mm from the plane of the sash 
in position PB (Fig. 5.7) in the vertical centre line of the working aperture. 
Face Test Sampler position Highest OPF 
Velocity A B C 
0.85 mls 1 1 6 1 7 8.86 X 105 
2 7 4 4 
3 0 6 4 
0.78 mls 1 1 1 1 5 l.24 x 10 6 
2 2 5 0 
3 0 2 2 
0.68 mls 1 1 0 0 4 l.55 x 10 6 
2 1 ~ 1 .) 
3 0 4 1 
0.54 mls 1 0 5 0 12 5.17x10 5 
2 0 12 1 
3 1 4 1 
54 5 0.37 mls 1 1 ~ 1 l.15x10 .) 
2 20 45 41 
3 21 54 31 
0.25 m/s 1 5 6199 15 7567 8.19 x 10
2 
2 16 7567 15 
3 8 4830 4 
Table 5.12 Change In operator protectIOn factor wIth face velOCity. 
With decreasing face velocity to 0.37 mls the performance remained above the 105 operator 
protection factor mark (Table 5.12). However at a face velocity of 0.25 mls the protection 
factor decreased by 3 orders of magnitude. These results compared favourably with similar 
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Figure 5.8 Change in operator protection factor for a pre-BS 5726 class I cabinet ° a BS 5726 class I 
cabinet with a flared inlet •. and the aerodynamic fume cupboar~vith mean face vel~city. 
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Figure 5.9 Change in operator protection factor for a pre-BS 5726 class I cabinet 0, a BS 5726 class I 
cabinet with a flared inlet with mean face velocity I and change in operator protection factor for the 
aerodynamic fume cupboard with face velocity measured in the aperture plane of opposite the source -. 
This reflected the generation mechanism of the KI aerosol (section 4.4.2). The particles were 
thrown at the aperture and the lower face velocity was insufficient to influence the particle 
motion resulting in them escaping the contairunent of the cupboard. As the face velocity 
increased no particles were sampled. 
5.12 Comparison of the BS 7258 test nlethod results with the modified KI test 
method results during deterioration in fume cupboard performance by design 
modifications 
As discussed in section 3.9.6 the aerodynamic fume cupboard was modified so that there 
were obvious recirculation zones of air when visualised using water fog. These regions were 
over the lipfoil in the centre and in the left and right lower comers caused by blockages 
underneath a modified work surface and lipfoil. Using the recommended gas tracer test in BS 
7258 : 1992 : Part 4 only very small amounts of tracer were sampled in the plane of the sash 
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when tracer was released from position P2 but none was measured with the source at PI or 
P3, near the left and right lower edges. Tracer was sampled however in the plane of the sash 
very near the edges, and it was shown that gas fi-om these two source positions was reaching 
the plane. 
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Figure 5.10 Arrangement of the KI equipment and with additional sampler for measuring background. 
This was repeated using the modified KI method (Fig. 5.10). This time the background 
concentration was also sampled. With a release ofKl from position Pc in the centre line there 
was no excessive sampling of particles considering the background level was similar. Thus no 
significant leakage was concluded to have been measured and that there was re-entrainment 
of discharge into the test room. 
The tracer was then released from position Pc but 50 mm from the right hand edge, 100 mm 
from the plane of the aperture with the samplers on the same axis. In this case again where 
substantial recirculation had been observed there was no leakage found. The tracer was then 
released from position P A level with the underside of the sash foil and again no leakage was 
measured. 
This either suggested that the challenge was not significant in these areas or that there was no 
leakage from these regions beyond the cupboard aperture. In order to ascertain whether a 
disturbance would draw this potential leakage from the aperture an A4 board was waved - 1 
m from the centre of the aperture and at 45° from the left and right sides. Tracer discharge 
and sampling was at the centre line of the aperture, and discharge in position Pc. There was 
again no increase in counts above the background level. 
5.13 Comparison of sampling methods for SF6 and KJ particles with common 
source (Collison nebuliser) 
So far had shown anomalies in the generation of the tracer and sampling positions between 
the two test methods. In this section the performance of the sampling systems as 
recommended in BS 7258 : 1994 : Part 4 and specified in BS 5726 : 1992 : Part 1 were 
compared using a common discharge. The source, a Collison reflux blast nebulizer (Fig. 
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5.11), used a compressed gas to disturb a solution and carry droplets from its surface in the 
fonn of an aerosol. This nebulizer was recommended in BS 5726 : 1992 : Part 1 for the 
dispersal of bacterial spores using a gas, usually oxygen or njtrogen. There was correlative 
data between release of bacterial spores and KI pal1icles from such a nebulizer (Clark et. aI., 
1981). 
.'.:.: . 
Figure 5.11 Position of a Collison nebuliser in fume cupboard. 
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In this investigation, sulphur hexafluoride was used as the carrier gas and the solution was 1.5 
% KI in absolute ethanol. InjtialIy, sampling of the two tracers was not carried out 
simultaneously as the KI particles would pass through the infra-red analyser filter possibly 
damaging the optics within the instrument. However, a system was developed in which this 
was made possible. 
5.13.1 Discharge of SF6 from Collison nebulizer 
The flow rate through the Collison was adjusted to 3 Vrrun and the face velocity of the fume 
cupboard was 0.25 mls in order for the discharge velocity from the nozzle to be greater than 
the face velocity. 
Distance [rom nozzle along its central axis (f'tIM) C hQi~nto.l ) 
Distance from nozzlelbelow nozzle axis (mm) (ver-H ca.1) 
0 10 20 30 40 50 60 70 80 90 100 llO 120 150 200 
0 0.85 0.70 0.65 0.60 0.40 0.20 0 0.05 0 0 0.05 0.05 0.10 0 0 
5 0.70 
25 0.60 
30 o . ~o 0.1 
40 0.30 0.25 0.20 
45 0.50 
55 0.50 0.10 
145 0.05 
Table 5.13 VelocIty profile of dIscharge from a Collison nebuiIser nozzle wIth the fume cupboard 
turned off (velocity along central axis of nozzle and maximum velocity measured a..~ f'rom +he.axis). 
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At 3 Vrnin the discharge velocity at the nozzle was 0.85 mls. The maximum velocities were 
measured below the axis of the nozzle (Table 5.13) suggesting that the gas was sinking 
towards the ground after discharge. 
5.13.2 Concentration of SF 6 salnpled in front of the Collision nebuliser with 
increasing distance 
A single sample probe (that recommended in BS 7258 : 1994 : Part 4) was placed at 
increasing distances away from the front of the discharge nozzle on the same axis. The 
sampling flow rate was 6.8 Vmin which gave a calculated suction velocity of 5.77 mls (-1.1 
mls measured near to the probe). The duration of each test was 2 mins and 0.006 m3 of test 
gas was released at 3 Vmin with a dry reservoir. 
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Figure 5.12 The release of SF6 from a Collison nebuliser. placed in the fume cupboard, at 3 lImin 
(discharge velocity 0.85 mls) 100 mm from the sash plane. and measured at increasing distance from the 
plane using a single sampling probe (BS 7258 : 1994) in line with the Collison jet. Cupboard face 
velocity 0.25 mls. 
Only when the sampling probe was in the plane of the sash was any gas detected (Fig. 5.12). 
5.13.3 No. of KI particles sampled, when released from the Collison nebuliser, with 
increasing distance 
A single centripetal air sampler was placed at increasing distances away from the front of the 
discharge nozzle on the same axis. The sampling flow rate was 100 Vmin which gave a 
calculated suction velocity of 14.7 rn/s (-8 m/s measured near to the sampler). 
SF6 was used as the carrier gas and the Collison was loaded with 75 mls ofKl solution.. The 
carrier gas flow rate was 3 Vmin (0.85 m/s). The discharge rate of fluid was -0.8 mlImin 
during each test of 2 mins, and an estimated 1.5 x 107 particles were released assuming a 
particle size of2 ~lm. However, due to the polydisperse nature of the aerosol generated from 
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a Collison nebuliser, this was a very approximate figure. The particles collected on the filter 
disc varied in size, all were very much smaller than those released from the spinning disc 
generator. 
Sampler from sash plane 
Test Blank 100 mm 50 mm Omm 
1 2 1 78 100% 
2 0 37 
3 1 231 
Highest 1 231 100% 
OPF 6.20E+06 2.68E+04 UC 
Table 5.1-l Number of KI particles sampled at varying distances from the aperture plane when 
clischarged from a Collison nebuliser. 
KI particles were detected at all three measurement positions from the plane of the sash 
(Table 5.14). The filter discs had a purple hue to the background (see section 5.13.4). 




















Figure 5.13 Arrangement of the equipment for sampling SF6 in the KI-Discus sampling system. 
The two tracers were sampled simultaneously through the KI sampling system shown in Fig. 
5.13 . SF6 was sampled by inserting a BS 7258 probe into the mixing chamber and drawing 
air through the gas analyser. Initially SF6 was discharged towards the aperture (face velocity 
0.25 mls) at a rate of3 Vmin (0.85 m/s) from the Collison nebuliser with no liquid present in 
the reservoir and then repeated using SF 6 as the carrier gas for a KI solution. 
Both SF6 and KI particles were sampled at various distances from the aperture plane on the 
same axis as the Collison nebuliser nozzle. SF 6 was detected through the KI test system at all 
measurement positions in front of the plane of the sash as shown in Figs. 5.14-5.17 but no 
SF6 was detected, 100 mm from the plane of the sash, using just one BS 7258 probe, in place 
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Figure 5.1~ Measurement of SF6 concentration in air sampled by centripetal samplers (100 lImin) 100 
mm from the aperture plane. SF 6 released from a Collison nebuliser 100 mm from the plane at 3 lImin 
(discharge velocity 0.8 m/s). Cupboard face vclocity -0.25 m/s. 
1200~-----------------------------,--------------------------~ 




o 100 200 













0-1 AU ------------1~ 
400 500 600 
;. Blower OFF 
Figure 5.15 Measurement of SF6 concentration in air sampled by centripetal samplers (100 lImin) 50 
mm from the aperture plane. SF6 released from a Collison nebuliser 100 mm from the plane at 3 lImin 
(discharge velocity 0.8 mfs) as a carrier gas for KI nebulisation. Cupboard face velocity -0.25 mfs. 
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Figure 5.16 Measurement of SF6 concentration in air sampled by centripetal samplers (100 lImin) 100 
mm from the aperture plane. SF6 released from Collison nebuliser 100 mm from the plane at 3 lImin 
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Figure 5.17 Measurement of SF6 concentration in air sampled by centripetal samplers (100 lImin) 150 
m~ from the ap.erture plane. SF6 released from Collison nebuliser 100 mm from the plane at 3 lImin 
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Figure 5.18 Measurement of SF6 concentration in air sampled through a single probe (BS 7258 : 1994) 
at 6.8 lImin (5.77 m1s) 100 mIll from the aperture plane. SF6 released from a Collison nebuliser 100 
mm from the plane at 3 llmin (discharge velocity 0.8 m1s) as a carrier gas for KI nebulisation. 
Cupboard face Yelocity 0.25 m/s. 
This discrepancy in the efficiency of the KI-Discus and BS 7258 sampling systems could be 
due to the much greater flow rate of air drawn through the centripetal sampler and a greater 
capture velocity. The centripetal sampler used in the KI test system, sampled -15 times the 
volume of air than the single BS 7258 probe using the gas analyser pump, and a suction 
velocity theoretically -2.5 times greater, although as measured was -7 times greater. It may 
also be due to the relatively large bulk of the centripetal sampler, creating a wake in front, 
which may extend towards the aperture resulting in the entrainment of tracer laden air from a 
much greater region than the single BS 7258 probe. In terms of the philosophy ofBS 7258 : 
1994 and BS 5726, the gas probe was used for sampling in the aperture plane of a fume 
cupboard and the centripetal sampler 150 mm away from the aperture plane of a safety 
cabinet. The centripetal sampler would possibly sample actual leakages 150 mm from the 
aperture plane but also potential leakages near to the plane as well. 
KI particles were sampled in all the tests but there was a background hue on the filter discs 
(Table 5.15). For samples at 50 mm there was a dark background, at 100 mm a lighter 
brown background and at 150 mm no shaded background. This was similar to the earlier 
results with just particle sampling. With increasing distance from the nebulizer the size of the 
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spots increased and were much clearer. It was possible, that solution in vapour fonn was 
being carried by the gas and not evaporating into single particles, perhaps staining the filter 
medium. 
Discharge Face Distance of equipment No. Commenl-s on spat SIze. 
Flow vel velocity from plane of aQerture spots ~ background. col 00 r 
Vmin mls m/s ne-bultzerlmr "~pler vel)' faint 
2 0.55 0.25 100 100 ? just visible 
2 0.55 0.25 100 100 29 darker brown background 
3 0.8 0.25 100 50 TNC lighter brown background 
3 0.8 0.25 100 100 218 varied sizes 
3 0.8 0.25 100 100 398 
~ 0.8 0.25 100 100 539 darker brown background 
-' 
3 0.8 0.25 100 100 359 
~ 0.8 0.25 100 150 14 dots bigger 
-' 
~ 0.8 0.5 100 150 a 
-' 
- -Table ).1:1 Number afKI particles sampled SlIl1uitancollsly with SF6 • TNC: ~onvmerou5 ~oc()(J()~ 
5.14 Comparison of sampling procedures during building re-entrainment 
On occasions there was re-entrainment of tracer, discharged from the fume cupboard to the 
outside, back into the test room. During the release of SF6 and KI simultaneously during a 
test, there was a raised background level ofK! particles but not of gas tracer. This suggested 
that either the gas was stripped from the air due to rain (though this would be thought to 
affect the particles more than the gas), or there was a substantial difference in challenge, the 
gas tracer being diluted below measurable quantities. This indicated how sensitive the KI 
particle challenge test was. 
5.15 Discussion and conclusions 
The air flowing into and within class I microbiological safety cabinets and conventional box 
type fume cupboards was similar, having large recirculation zones on the work surface and 
behind the sash. They differed from the less turbulent aerodynamic fume cupboards in which 
much of the recirculation zones were eliminated or controlled due to the addition of rear 
baftles and "aerodynamic" features. All these types of facilities had been shown to have 
variable levels of containment of aerosols when tested using the BS 5726 : 1992 : part 1 
method both on site and in a test room. 
However, from observation of the air flows in class I safety cabinets it would be expected that 
measurements in the plane of the aperture of such cabinets using the gas tracer test method in 
BS 7258 : 1994 : Part 4 would result in tracer being sampled near the edges. Conversely, the 
use of this method for assessing safety cabinet performance would be limited to cabinets 
ducted to the outside and would be impossible for assessing those cabinets which were 
designed to recirculate exhaust air back into the room as the exhaust HEP A filters would not 
prevent gas penetration. 
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The use of particle tracers for assessing fume cupboards was considered possible if they were 
within the size range which constituted a respirable hazard and also remained suspended in 
the airflow long enough to be a challenge to containment. When development of a 
quantitative test method for incorporation into BS 7258 : 1990 was considered the KI test , , 
being used routinely for testing safety cabinet performance according to BS 5726 : 1992, was 
put forward as a method (Clark et aI., 1984). Despite its applicability, the BS committee 
pursued a gas tracer method instead, and the KI test method was still used for assessing fume 
cupboard perfonnance as part of service contracts for assessing safety cabinet perfonnance. 
In this chapter, the KI test method according to BS 5726 : 1992 : Part 1 was used as a 
containment test method for fume cupboards, treating them as being similar to class I safety 
cabinets. This showed that the disposition of the test equipment was important as the fume 
cupboard had a larger apet1ure than a safety cabinet, and in aerodynamic cupboards with 
front lipfoils and rear baffles there was a stratification in air flows which did not mix vertically. 
Having the KI source on the work surface identified poor cupboards but did not necessarily 
challenge the entire aperture, especially at the periphery of the aperture such as near the sash 
handle where potential leakage could occur. It did show weaknesses in regions of 
recirculation in conventional box type cupboards and also poorly fitted lipfoils on 
aerodynamic cupboards. This h as also been shown by Clark (1989). However, on one 
occasion there was obvious leakage from beneath the lipfoil shown by flow visualisation but 
this was not sampled by the nonnal sampler positions. 
As the working aperture of a fume cupboard was substantially larger than those of safety 
cabinets the artificial ann was considered an insignificant challenge, not disturbing the airflow 
enough to have a measurable effect, and so was not used. A repeatable disturbance to the 
fume cupboard containment was achieved using a nitrogen jet which carried air out of the 
aperture. This showed that the relative disposition of test equipment was inadequate where a 
challenge from the work surface did not identify a substantial leakage from near the sash and 
vice-versa. For further testing the KI source was positioned at either of three heights or for 
repeated tests at one position in the horizontal midline of the aperture. With the source and 
samplers in these positions it was concluded for a complete test that the KI challenge should 
come from the work surface, the mid aperture and the region of the sash foil and air sampled 
at three heights level with the lipfoil, at mid height and level with the sash foil. Ultimately for 
larger apertures this should be repeated at the left and right sides or have two samplers at 
each height. This was similar to the lateral disposition of the BS 7258 equipment. 
Theoretical correlation of the BS 7258 test method and the KI test method was possible if 
the equipment was in the same positions for each method. It was also possible, if the 
equipment was in the position ofBS 7258 and the KI test, by interpolation of the amount of 
tracer sampled at fixed distance from the sash plane to the plane itself However this made 
the assumptions that i) the generation of tracer would have no effect, ii) particles would 
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diffuse and disperse as a gas, and iii) whatever tracer was sampled at a fixed distance from the 
plane of the aperture by the KI method, this would also be sampled in the aperture plane itself 
using the BS 7258 method. 
Adopting the philosophy ofBS 7258 : 1994 : Part 4 for the disposition of the KI equipment, 
r . h +0 samp 109 10 t e aperture plane, was shown not to be possible due).saturation of the samplers 
with KI particles. This was assumed to be due to the particles being propelled at the aperture 
(the challenge) and to the bulk of the centripetal samplers. It was considered that the position 
of the KI equipnlent relative to the aperture plane should be as for BS 5726 and that this had 
greater similarity to the philosophy of ASHRAE 110 and DIN 12 924 methods for assessing 
fume cupboard performance. 
It was shown that reducing the face velocity of the aerodynamic fume cupboard in the test 
room gave very different containment results between the BS 7258 : 1994 : Part 4 and the KI 
method. At a face velocity of 0.25 mls there was a substantial leakage of KI particles 
whereas there was no gas tracer measured in the plane of the aperture. This showed that for 
the cupboard, which was operating in a stable environment there was no challenge of 
containment by the gas test but the plane of the aperture was actively challenged by particles 
being thrown out of it. For higher velocities, the inflow of air was enough to prevent the 
particles from being thrown out of the cupboard but brought gas seeded air below the sash 
handle so that gas tracer was sampled there. 
The aerodynamic fume cupboard was modified resulting in recirculation zones behind the 
centre of the front lip and at the left and right edges. This was very obvious using fog 
visualisation. Using the BS 7258 test method, gas tracer was sampled from a source placed 
in position P2 near the vertical centreline of the lipfoil. With KI generated in the cupboard 
vertical centreline at its lower position no particles were sampled above the background. 
Again using the BS 7258 test method no tracer was sampled when released from position P3. 
However tracer was sampled when a probe was placed very near the comer. It was evident 
that tracer was passing beyond the plane of the aperture. However, no KI particles were 
sampled above the background count when the equipment was placed near this region. 
From these experiments, the theoretical assumption of interpolating the measurements of 
tracer 150 mm from the plane of the aperture to the plane itself and correlation with the BS 
7258 method was not applicable practically. It could not be assumed that whatever was 
sampled 150 mm from the aperture plane would be equivalently sampled in the plane itself, 
that whatever was sampled in the plane would leak out and diffuse, and that the mechanism of 
tracer generation had no effect. It would seem from these experiments that the fundamental 
philosophies of the two test are too different for the results to be correlated. 
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5.16 Key inter-ian conclusions 
• Correlation of the BS 7258 : 1994 : Part 4 gas tracer method and the BS 5726 : 1992 KI 
method for testing fume cupboards was not practicable due to fundamental differences in 
the tracer used, its method of generation, the disposition of equipment and the sampling 
methods. The philosophy of the BS 7258 test was to detect potential leakage, the BS 
5726 to detect actual leakage. 
• For testing fume cupboards using the KI- Discus equipment, the BS 5726 : 1992 : Part 1 
method for assessing class I cabinets was modified so that the KI challenge was generated 
100 mm from the plane of the sash at work surface height, the mid aperture and the region 
of the sash foil. Air was sampled through one sampler, 150 mm from the plane of the sash 
at three heights level with the lipfoil, at mid height and level with the sash foil. For larger 
apertures, > 1.2 m wide, the test was repeated at the centre of the left and right sides. 
• Assessing the containment perfonnance of an aerodynamic fume cupboard in a test room 
using the modified KI method and the BS 7258 : 1994 : Part 4 gas tracer method showed 
that at a low face velocity, 0.25 mis, only KI particles were sampled but at 0.85 mls only 
gas tracer was sampled. As there was no criteria for a minimum face velocity in BS 7258 
then this may be experienced on site and testing using the KI method would indicate a 
failure, the gas test not necessarily so. 
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Chapt~r 6 The application of computational fluid dynamics (CFD) for 
assessIng open fronted containment facilities 
6.1 Introduction 
6.1.1 What is CFD and how is it used? 
Computational fluid dynamics (CFD) is a numerical tool for solving complex fluid flow 
problems, both supporting and complementing pure experiment and pure theory (Wendt, 
1992). The CFD techniques in use today evolved from techniques developed in the ] 960's in 
response to the stimuli of the 'high-technology' aerospace and nuclear power industries. 
These techniques are now applied to the fields of 
External aerodynamics/hydrodynamics of cars, ships, aircraft etc. 
Chemical and process plant, mixing vessels, cyclones, furnace etc. 
Thermal hydraulics of nuclear reactors, steam generators, condensers, etc. 
Metallurgical processes, strip casting, steel making, solidification. 
Internal combustion engines, turbines, reciprocating engines. 
Heating, Ventilation and Air Conditioning (HV AC) and the built environment. 
Its development has been intimately related to advances in computer hardware, as CFD 
solutions generally require the repetitive manipulation of thousands, or even millions, of 
numbers - a task which is humanly impossible without the aid of a computer. 
Its application to the built environment enables the user to simulate and analyse air flow, 
associated heat transfer by convection, conduction and (to a limited extent) radiation, and 
contaminant dispersal within and around buildings with the objective of improving and 
optimising the design of new or existing ventilation systems. For the purposes of this study, a 
PC based software from Flovent (Flomerics Ltd.) was used. 
With this software, the user has to input basic data into the computer, via a graphical user 
interface, to describe the architectural features of the work areaibuilding in 2 or 3 dimensions, 
the ventilation system (values for inlets and outlets etc.), the internal details (values for 
temperature etc.) and the properties of the fluid (density, viscosity, specific heat etc.). The 
user then has to specify whether the solution is steady state (i.e. continuous operation) or 





Natural, forced, or mixed convection systems. 
Problems involving heat transfer within the air, within solid materials, or in both 
simultaneously (i.e. conjugate heat transfer). 
Heat transfer by convection (within the air), by conduction (within fluid or solid 
materials), and by radiation between identified surfaces of solid items. 
120 
Chapter 6 
• Contaminant dispersal. 
The information from a simulation can then be displayed as vectors, contours or fills. The air 
flow, temperature and contaminant distribution may be analysed qualitatively or 
quantitatively, by extracting numerical data and processing this separately using, for example, 
a spreadsheet. 
6.1.2 What are the fundamentals behind CFD? 
CFD involves solving the fundamental governing equations of fluid dynamics, the continuity, 
momentum and energy equations, which are the mathematical statements of the three 
fundamental principles upon which all offluid dynamics is based (Anderson, 1992)~ 
Conservation of mass 
F = rna (Newton's second law) 
Conservation of energy 
These governing equations can be obtained in various mathematical forms each of which is 
important to CFD. In their most general form they are usually a coupled system of non-linear 





u, v and w, the velocity resolutes in cartesian co-ordinate directions x, y and z. 
p the pressure. 
T the temperature of the air and/or solid materials. 
These variables are functions of x, y, z and time. The values u, v and w satisfy the 
momentum conservation equations in the three co-ordinate directions. Temperature satisfies 
the conservation equation of thermal energy. The pressure itself does not satisfy a 
conservation equation, but is derived from the equation of continuity which is a statement in 
differential form of the conservation of matter. 
These governing equations are solved over the domain of the problem set up by the user. In 
the building environment, the solution domain encompasses the room' or enclosure, or region 
of interest around a specific piece of equipment. In addition to setting the extent of the 
domain, boundary conditions have to be described by entering the value or fluxes of the field 
variables at the domain boundaries and setting the properties of the air. 
The governing equations are very difficult to solve analytically and CFD is the art of replacing 
these governing partial differential equations of fluid flow with numbers, and advancing 
(marching) these numbers in space and/or time by numerical integration to obtain a final 
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numerical description of the complete flow field of interest. To solve the partial differential 
equations, the flow field is split up into discrete points forming a grid, and the equations 
discretised and expressed in algebraic form at each point. This results in a set of algebraic 
equations for every discrete point, each of which relates the value of a variable at one point to 
its value at neighbouring points. The equations can then be solved, using either the finite 
difference method FDM (Anderson, 1992t,-the finite element method FEM (Dick, 1992)"or 
. -:Vic.k:,J ~~2)'p 
the firute volume method FVM (patankar, 1981~, by marching with respect to the space, 







Model 1 Example of a solution domain divided up into non-overlapping and contiguous finite volumes - the 
solution grid 
The expressions in algebraic form and their calculation method constitute the code by which a 
flow problem can be solved. Flovent uses an FVM method. The domain is divided into a set 
of non-overlapping and contiguous finite volumes so forming a grid of cells (e.g. shown in 
Modell is a grid of7 x 8 x 4 cells, 224 in total). Starting with the temperature variable T for 
example (Flomerics Ltd., 1994), an algebraic equation connects T in one cell to its value in its 
6 neighbour cells (TJ, T2, T3, T4, Ts, T6) and its previously calculated value (To). 
where C(O-6) denote the coefficients that link the in-cell value to each of its neighbour cell 
values. S denotes the terms that represent the influences of the boundary conditions (if any). 
If there are a total of n cells in the integration domain, there are n algebraic equations to solve 
for each of the field variables T, u, v, w, p, i.e. there are 5n equations to solve. Thus, for 
example, for a grid of 50000 cells there are 250000 equations to be solved. 
The simulation is calculated by first initialising the fields of pressure, temperature and 
velocities. Calculation of the conservation equations over the solution domain (outer 
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iteration) commences with setting up the coefficients (C) for the temperature field T and then 
solving the algebraic equations for temperature in each cell in the grid by performing a 
number of calculations (inner iterations), with C(0-6) constant. This is then repeated for the 
velocity components u, v and w and then the continuity equations solved for in a similar 
manner and any associated adjustments made to the field variables. This completes an outer 
iteration at which stage convergence is checked for. Convergence is reached when the error 
in the continuity between cells within the domain is small relative to a basal level (residual 
errors). If the residual errors are large however, then the linking coefficients C are adjusted 
and the algebraic equations solved once more. 
6.1.3 What are the limitations and developments? 
Although there are similarities between CFD and the finite element method approach used in 
structural analysis, the variations encountered between different flows and the complexity of 
the physical phenomena involved have resulted in CFD being a less mature science than the 
established structural analysis techniques. 
Limiting factors still are the development of models for accurately describing turbulence and 
setting up of a correct solution grid (Janssen et al., 1992; Purtell, 1995). At present the basic 
k - €, two-parameter (kinetic energy of turbulence, k, and its rate of dissipation, €), turbulence 
model which has been around for more than twenty years, continues to form the basis for 
many codes, although its limitations are well known. Work on improved and different models 
continues but these require comprehensive tuning and developing. A problem area occurs 
when varying flows within the solution domain require different turbulent models. Also being 
developed is the adaptive and automatic concentration of the solution grid into regions 
requiring the most detailed analysis. 
Up until recently in the field of CFD there has been the requirement for code developers and 
users, the latter still requiring extensive knowledge of which code is relevant to the problem 
and thus which to apply. In setting up the problem there are a lot of choices for the user. 
Certain physical assumptions about the fluid flow have to be made all of which may be 
simplifications of reality, such as is it a stationary or transient simulation, is it a Newtonian 
fluid and is there a no slip boundary? Parameter settings are required such as the 
discretisation, the mathematical solution technique, relaxation parameters and stop criteria for 
the iterations. These settings are the choice of the user and all of them influence the result. 
There is also the modelling technique which in importance sits between physical assumptions 
and parameter settings. Modelling is mathematically describing what physically happens. It 
discharges itself into models of certain levels of complexity and into models with certain 
limitations. Examples are the different turbulence models and possible wall functions. The 
choice of complexity is a balance between what is necessary to solve the problem accurately 
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enough and what can be done. The chosen parameter settings and chosen mathematical 
models all influence in one way or another the result. 
The grid refinement causes the numerical procedure to be more accurate. At the same time it 
may influence the way in which the boundary layer is calculated. Sometimes an analytical 
calculation may help in determining the actual boundary layer thickness. However, in 
complicated situations it is very difficult to estimate the actual boundary layer thickness at 
different locations offlow. 
Recently there have been developments in both hardware and software bringing CFD to the 
PC. With it this has allowed the development of software for specific applications, thus 
reducing the number of choices the user must make in terms of parameter settings and 
modelling techniques, and perhaps separating further the end user from the code developers. 
CFD today still requires development and validation and there are numerous meetings to 
attempt to focus how this field should develop. As the field of CFD develops in the 
commercial code market, such findings (Fisher & Rhodes, 1996) include that code users 
require specific training with major emphasis on fluid flow phenomena and less on the detail 
of numerical techniques. Also for validation, CFD models still require comparison with 
physical measurements. Measured data show an inaccuracy, inherent in the used 
measurement technique. However, calculated results show another kind of "inaccuracy", 
namely questionable physical assumptions, parameter settings and modelling techniques. 
Thus application of CFD to a physical problem may still involve the following problems of; 
a) Geometry that is inadequately defined because of design changes, program sensitivity to 
inadequately defined sections and data collection errors. 
b) Boundary conditions of the flow regime that are not adequately defined. 
c) Fluid properties that are not adequately known, especially in cases of multiphase flow, 
combustion or chemical reaction. 
d) Lack of knowledge of the flow regimes which may be laminar or turbulent, steady or 
unsteady, subsonic or supersonic. 
e) Uncertain expertise of the analyst, as there are wide variations in the knowledge and 
expertise of code users. 
Ultimately, comparisons of measurements, calculations and interpretations of results requires 
a good deal of experience and knowledge (Janssen et al., 1992). 
As CFD has evolved and become application specific in the commercial sector, its use in the 
design and development of HV AC systems has increased. However, there is still mistrust by 
many engineers as to the accuracy of the results considering the assumptions to be made, but 
as CFD is improved and developed, with closer comparisons with physically reality, it is being 
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accepted. Areas where its usefulness is apparent has been in the design of animal houses 
(Hughes et al., 1996), clean rooms and in contamination control, where knowing the 
distribution of temperature and potential contaminants is a high priority. Recently it has been 
used in establishing guidelines for laboratory construction in terms of LEV and fume 
cupboards (Nlli, 1995). This looked at how ventilation design may affect containment of a 
box type fume cupboard. This was achieved, not from the absolute measurement of 
simulated contaminant dispersal within the domain, but the effect design changes had on the 
perfonnance of a base model, reducing the need for numerical accuracy. 
In this chapter, CFD is used to look at the potential to assess fume cupboard design and to 
see whether the CFD model can produce accurate results which compare favourably with 
physical measurements. Also to assess whether it can distinguish cupboard designs based on 
disturbances and blockages, and then how physical performance assessment methods may 
differ by this numerical simulation. Finally, CFD is used to look at the simulation of 
microbiological safety cabinets where especially in class IT cabinets the balance of airflow is 
critical. 
6.2 Two dimensional visualisation and analysis of airflows in fume cupboards 
6.2.1 Problem set up of an aerodynamic fume cupboard 
For the purposes of this investigation, a PC486 DX66 personal computer (PC) with 8mb 
RAM was used. In the development of the Flovent CFD simulation it was important to build 
up the model from a simple problem and then increase its complexity. This meant starting 
with a 2 dimensional problem and a coarse solution grid with few boundary conditions in 
order to establish the airflow and then increasing the complexity of the boundary conditions 







Figure 6.1 Aerodynamic fume cupboard (section 3.2) and the 2 Dimensional (2 D) computational model 
domain (xy view). 
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In order to represent airflow into and within a two dimensional aerodynamic fume cupboard 
the main features were included based on the Fumair fume cupboard used earlier in this study 
(Fig. 6.1). These included the rear baflle, shaped cupboard roof, bypass and an 
'aerodynamic' lipfoil. The lipfoil was represented as thin walls, straight and angled, with a 
vertical distance of 60 mm between the work surface and the lip. CUlves could not be 
represented. No sash foil was represented in the model. The 2 dimensional solution domain 
was 1 m deep encompassing the cupboard and part of the room. This room, external to the 
cupboard had openings specified at the boundaries as passive inlets, as all the air within the 
solution domain would be exhausted through the fume cupboard. An extract mass flow rate 
of 0.3 kgls was used which gave a mean face velocity between the top edge of the lipfoil and 
the lower edge of the sash of 0.45 mls. The solution domain was adiabatic at 20°C and all 
fume cupboard surfaces were smooth and had no heat transfer. 
6.2.2 Effect of turbulence specification and grid refinement 
The two dimensional solution domain was overlaid with a grid (38 x 52 cells). This was 
considered refined enough around the internal surfaces in order to accurately represent flow 
in these regions, but not too complex which would result in long calculation times (Fig. 6.2). 
This model was then tested for its sensitivity to the turbulence model settings and to the 
refinement and density of th . d e ~n 
tit 
ltlH~ ~ 
Figure 6.2 2 D Solution grid 
Initially a specified turbulent viscosity (revised) value of 0.005 m2/s was chosen based on the 
air flow through the aperture using the following formula: 
0.01 x (density) x (characteristic length) x (characteristic velocity) 
This converged quickly (- 60 mins) to give a flow field similar to that expected in reality 
(section 6.2.3). The solution was then repeated using a turbulent viscosity value a factor of 4 
below and above the initially estimated value and also using the k-E model. The fixed 
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turbulent viscosity solutions resolved quickly but the k-e model was substantially longer, both 
components of the model taking a long time to converge. 
Comparing the results qualitatively (Fig. 6.3) there was little difference between each 
simulation suggesting no real sensitivity to the turbulence model. By displaying the contour 
maps over the solution domain for vector speed value (Fig. 6.4) and turbulent viscosity (Fig. 
6.5) the solutions were compared quantitatively. There was little difference in vector values 
between the fixed values for turbulent viscosity and the k-e model. However, there was 
greater dissimilarity between the contour maps for turbulent viscosity which suggested that 
the representation of turbulence in the model was dependant on the bulk flow values for 
turbulent viscosity and not on the turbulent transport between the surfaces and the air; which 
did not directly involve a fixed value for turbulent transport. 
The effect of the turbulent viscosity value was also tested by comparing the x velocity and 
vector speed values in the plane of the fume cupboard aperture (Fig. 6.6). For each value the 
profile was different, that using the k-e model gave lower values in the aperture plane and a 
flatter profile than the fixed value simulations. The solution was concluded to be sensitive to 
a fixed value for turbulent viscosity based on quantitative comparisons and hence the k-e 
model was used even though this meant longer solution times. 
The solution was then tested for dependence on grid refinement. This became a trade off 
between the accuracy of the solution and the time taken for convergence There was a point 
where further grid refinement did not necessarily increase accuracy but substantially increased 
the solution time. The grid was refined around the important cupboard features, made 
'coarser' and made 'complex' (Fig. 6.7). 
Qualitatively there was little difference between the vectors for each grid refinement in terms 
of 'visualisation' of the airflow (Fig. 6.8) and quantitatively in terms of speed contours (Fig. 
6.9) and turbulent viscosity contours (Fig. 6.10). Comparing the x velocity and vector values 
in the plane of the sash showed that increasing the grids complexity increased the values near 
to the lipfoil and the edge of the sash (Fig. 6.11). This was also shown by refining the 
'medium' density grid near to the cupboard surfaces where there was little difference between 
the 'medium' grids near to the lipfoil and the mid aperture but values near to the sash edge 
were closer to the very 'complex' grid values for the refined 'medium' grid. The unrefined 
'medium' grid produced lower values beneath the lipfoil than the other grid densities or 
refinements. 
It was concluded that grid density and refinement affected the values near to the cupboard 
surfaces and in order to not have long solution times as with the very 'complex' grid, the 
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Figure 6.6 Effect of turbulence model on vertical x velocity and speed profiles in the aperture plane (2 
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Figure 6.11 Effect of grid density and refinement on x velocity and speed profiles in the aperture plane 
(2D) 
Chapter 6 
6.2.3 Comparison of simulation to physical measurements 
The air flow through the interior of the aerodynamic fume cupboard was visualised using 
smoke particles. The fume cupboard had transparent side panels so that the movement of the 
smoke could be captured on video and subsequently transferred to computer for comparison 
with the 2 dimensional CFD simulations. 
The air flow within the aerodynamic fume cupboard was uniform through the aperture 
travelling towards the rear baffle (Fig. 6.12). From this flow stream the air separated to either 
flow to the lower scavenging slot or upwards to the top opening. Behind the sash there was a 
vortex produced by the sash itself and enhanced by the shape of the baffle, the roof of the 
cupboard interior and the entry of bypass air down behind the sash. Air flowed over the 
'aerodynamic' features of the sash handle and the lipfoil which eliminate boundary separation 
local to the comers of the sash itself and the edge of the work surface. 
These airflows were represented in the 2 dimensional CFD simulation and compared well 
qualitatively. The 'aerodynamic' sash handle was not incorporated into the CFD model and 
thus the airflow simulated in this region showed a sharp change in direction which was not 
observed in reality. The flow past the lipfoil was represented well comparatively. 
The two measurement techniques were compared quantitatively. Physical measurements 
were made in the plane of the sash in the vertical centreline of air velocity using a rotating 
vane and thermistor anemometer (Fig. 6.13). This showed a profile of lower air velocities 
near to the top and bottom surfaces, which then increased from the surface but decreased in 
the middle of the aperture. The' edge' effects were considered due to the aerodynamic 
designs where air flow close to the solid surfaces was greater as the distance travelled was 
further compared to the main stream. 
The CFD simulation using the refined 'medium' grid and 'complex' grid did not show this 
phenomenon both in terms ofx velocity profile or vector value in the sash plane (Fig. 6.13). 
These showed a smooth profile in the majority of the aperture then slowing towards the 
surfaces. The speed values near to the sash were similar but no aerodynamic sash handle was 
represented in the CFD simulation. Near to the lipfoil the calculated values decreased nearer 
to the surfaces but the physical values increased before decreasing near to the surface. The 
95 % confidence limits (assuming normal distribution) for the physical measurements become 
larger nearer to the top and bottom surfaces suggesting increasing turbulence in these regions 
which did overlap the calculated results. 
Beneath the lipfoil there was a large difference between the physical measurements and the 
calculated values. The physical values showed higher velocities nearer to the lipfoil whereas 
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Chapter 6 
the calculated values were the reverse. The underside of the lipfoil was actually a smooth 
curve which was not represented in this simulation. 
6.2.4 Airflow around individual design features and comparison with the whole 
flow field 
6.2.4.1 Front steps 
In the previous section the calculated flow field was compared qualitatively with the physical 
measurements showing good comparison. However, quantitatively values represented in the 
plane of the aperture were similar in profile but did not completely reflect measured values 
near to the lipfoil. Also the sash handle was not represented in the CFD simulation. Each of 
these design elements was studied in more detail as separate 2 dimensional simulations, being 
able to greatly increase the grid density over the region. 
Initially a simple step was simulated (Fig. 6.14) which represented any edge of a typical 'box' 
type fume cupboard. The simulation was first tested for both turbulence sensitivity and grid 
dependence. A fixed turbulent viscosity (revised) value determined from the velocity past the 
edge and the height of the opening was used and the results were a typical air flow pattern of 
flow separation behind the edge with air recirculating back towards it. The fixed value was 
varied to a factor of 4 below and above but this had little effect on the 'visualised' air flow 
vectors. The standard fixed turbulence model was then used which failed to show any 
recirculation of air past the edge. The effect was also reduced using the k-e model. For the 
latter model the solution took a long time and the calculated variables did not converge. 
The grid was made 'coarser' with fewer grid cells near to the front edge (Fig. 6.15). This 
resulted in poor simulation of the recirculation behind the front edge. In the two dimensional 
simulation of the fume cupboard this level of grid refinement was similar to the 'coarse' grid 
due to limitations on computation time. It was thus assumed that these flows were a mean 
estimation of the bulk flow in this region which was sufficient. 
The effect of the step size on the development of boundary separation past the edge was 
investigated. The deeper the block then the less obvious were the recirculation patterns of air 
past the edge, but the magnitude of the vectors was greater at the edge (Fig. 6.16). For 
further simulations, the smaller step was used as this 'visually' demonstrated the recirculation 
zone more. This also reflected the thickness of the fume cupboard work surface tested in 
earlier chapters. 
In terms of fume cupboard design, this simulation clearly showed how a step can cause 
boundary layer separation and potential recirculation of cupboard contents back to the front. 
The simulation was altered to observe the effect of smoothing out this step on the airflow 







___ 0.30 m/s 
Square edge (35 mm thick) Fixed turbulence (revised model) 0.005 
/ 
I 
~ O.30m/s ~ O.30m/s 
Fixed turbulence (revised model) 0.001 Fixed turbulence (revised model) 0.020 
~ 0.30 m/s ~ 0.30 m/s 
k-s model Fixed turbulence (standard model) 0.005 














, ;1//~~---­~ /-1,/''/'/ -- - - _ _ 
h IJ. ./' / , --
,~ 
" I~ E:::::::::::::::::;:;: 
I 'lilll~!11I1111r1l;lrlllllJf;rlf~rJ' 
~ 0.30 m/s 
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Figure 6.16 Air flow around a front step, twice as thick (Fixed turbulence (revised model 0.005 (2 D)). 
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Chapter 6 
recirculation zones. The angle was increased to 45° which did not completely reduce the 
recirculation zone as there was a slowing of the air as it past the angle. 
Instead of a wedge the step was smoothed off This was simulated first by a 45° chamfer 
(Fig. 6.17) and then rounded as a series of straight lines. The 45° chamfer had similar effects 
as the 45° wedge, the rounded edge eliminated any recirculation zones. 
The inclusion of a recessed work surface increased the number of comers which the air had to 
flow around (Fig. 6.17). If these steps were sharp, there was recirculation zones not only past 
the front step but also behind the front step of the work surface. This could result in the 
contents of the work surface being brought up onto the front edge. Smoothing out these 
edges reduced the recirculation zones but still showed stagnation regions at the front of the 
work surface. 
6.4.2.2 Lipfoils 
The effect of a lipfoil placed over the front step was simulated. Lipfoils were used at the 
lower front edge of the fume cupboard aperture to prevent an operator leaning against the 
work surface and so eliminating any beneficial effect of smoother air entry profiles in this 
regton. 
A typical lipfoil shown in Fig. 6.18 reduced the recirculation zone at the front step and 
displaced it further into the 'cupboard'. At the trailing edge of the lipfoil the air flowing 
above and below merged as parallel flow lines. There was no recirculation zone of air passing 
over the top of the lipfoil. The inside of the horizontal lip of the lipfoil usually marked the 
plane of the aperture and here there was no evidence of air from the working volume flowing 
back to the front edge, albeit very near to the surface. Chamfering the front step eliminated 
even the smallest recirculation zone. 
The position and 'shape' of the lipfoil could have critical consequences on its effectiveness. It 
was displaced away from the cupboard so that only the horizontal lip covered the work base 
(Fig. 6.18). This resulted in the large recirculation zone past the front edge as seen with no 
lipfoil present at all. 
The lipfoil design was changed to a 20° slope up to the front edge, with a 60 mm horizontal 
lip and 25 nun gap beneath (Saunders 1993). This was similar to a 20° wedge (Fig. 6.17) but 
there was a small recirculation of air near to the work surface. Increasing this slope to 45° did 
not appreciably affect the air flows. It would seem that the longer horizontal lip established a 
straighter flow pattern nearer to the plane of the aperture. However, increasing the gap 
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6.2.4.3 Sash handles 
The air flow past the lower edge of the sash was another critical area in cupboard 
containment. Compared to the front step of the work surface there was a front step and back 
step as well. In the back step there was a large change in air flow direction which resulted in 
larger areas of recirculation of air. However, such recirculation was normal to the bulk flow 
of air past this step and hence was usually re-entrained. Even so, this was a turbulent region 
and from which turbulent diffusion could occur out of the cupboard. 
At this comer, which often exaggerated the turbulence in the region, was fitted a handle for 
opening or closing the sash. These devices were often of poor design which increased 
turbulence and leakage in the region. These handles were usually fitted onto the outside of 
the sash so leaving a back step and increasing turbulence outside the sash into which 
cupboard contents could diffuse. This was simulated using the two dimensional CFD model. 
Fig. 6.19 show how such handles do not reduce the recirculation of air behind the sash and in 
some cases result in recirculation zones in front of the sash as well. 
The design of handles was improved by adding trailing edges which protruded into the 
cupboard interior. These had the effect of straightening out the air flow as it entered the 
cupboard (Fig. 6.19) and modified the recirculation zone behind the sash so that it joined this 
in parallel lines. Also smoothing out the flow past the sash edge eliminated the local 
recirculation of air behind the sash. Some designs which although having leading and trailing 
edges, resulted in stagnant zones behind the sash which, if a gap was left between the foil and 
sash, could result in turbulence and diffusion out of the cupboard. 
6.2.5 Comparison of fume cupboard type and the effect of fume cupboard design 
features on the overall flow field 
The 2 dimensional simulation of the aerodynamic fume cupboard was used to see how each 
of the design features contributed qualitatively to the overall flow pattern within the fume 
cupboard and quantitatively as x velocity and vector value in the plane of the sash. The 
simulation was completed and then the baffle, lipfoil and both subsequently removed. In each 
case the solution grid was unaltered, and the extract flow rate unchanged. 
In Fig. 6.20 the effect of the rear baffle and front lipfoil was clearly demonstrated. Removal 
of the baffle eliminated scavenging across the work surface, with an increase in the scrolling 
region of air behind the sash. The velocity in the plane of the sash showed greater values 
toward the top of the aperture and lower towards the lipfoil compared with the aerodynamic 
cupboard (Fig. 6.21). Just removing the lipfoil did not appreciably affect the flows within the 
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Figure 6.20 Effect on the airflows within an 'aerodynamic' fume cupboard when the rear bafile and the 
lipfoil are removed (2 D). 
r----~,--------~.---.----------------__. 
0.50 
0.10 --+- Aerodynamic 
---NobaIDe 
-.- No lipfoil 
-w-- No baIDe and lipfoil 
-0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.60 
x velocity (mls) 



















---NobaIDe l~====~~==;:::~~~;;;;~~~~~~:====:::~~ ________ ~~·~N~O~liP~foil~'~==~J -w-- No baIDe or lipfoil 0.00 
0.00 0.10 0.20 0.30 0.40 0.50 
vector value (mls) 
Speed profiles (Lipfoil 60 mm from work surface if fitted) 
Figure 6.21 Effect on x velocity and speed profiles in the aperture plane of an 'aerodynamic' fume 
cupboard when the rear baffle and the lipfoil are removed (2 D). 
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outward beyond the aperture. Removal of both the rear bafile and the Iipfoil exaggerated 
both these effects. 
The effect of the distribution of the extract slots in the bafile was crucial to the profile of air 
flowing through the aperture and distribution within the cupboard. Using the CFD simulation 
and blocking off the lower scavenging slot this resulted in stagnation of air at the work 
surface, all the air being exhausted from the cupboard through the upper slot (Fig. 6.22). 
Blocking off the top slot and leaving the lower scavenging slot open resulted in the stagnation 
of air in the upper region of the cupboard behind the sash, as all the air was exhausted from 
the cupboard through the lower slot. These extreme flows were clearly demonstrated by the 
values of velocity in the plane of the sash showing the different profiles dependant on whether 
the air was exhausted from the top or bottom of the cupboard interior. 
The development of the modern aerodynamic fume cupboard began with simple box type 
fume cupboards. These were shown in Fig. 6.23 using a 'coarser' grid to simply compare 
general air flows qualitatively. With no aerodynamic features the air flows were similar to the 
aerodynamic cupboard with no bafile or lipfoil. There was no scavenging of the work surface 
and there was a large recirculation of air from deep within the cupboard back to the aperture. 
There was also a large recirculation of air behind the sash with little purging. The 
introduction of a slotted straight rear baflle encouraged scavenging of the work surface and a 
more balanced inflow profile. However, the recirculation zone behind the sash was greater. 
Introduction of an angled rear bafile so that the extract duct could be placed further forward 
again encouraged scavenging of the work surface and a smooth entry profile, but also 
reduced the recirculation zone behind the sash. Further to this was added the shaped entry 
foils around the aperture to produce a modern 'aerodynamic' fume cupboard. 
6.2.6 Modelling the dispersal of a contaminant 
An important tool in CFD was the simulation of contaminant dispersal within the domain. 
Such a contaminant could be specified as a gas at the same density as air or by using the ideal 
gas law method as a gas of different density (specified by molecular weight, MW) to air, thus 
allowing a heavier or lighter than air gas to be simulated. Using the 2 dimensional model set 
up in the previous sections a volume contaminant source was specified on the work surface to 
resemble a beaker 150 mm from the front edge. This was 'transparent' allowing air to flow 
through it and gas at the same density as air was mixed with it at a ratio of 
O.OOlk~nJkg.ir. 
The profile of concentration in the plane of the aperture (Fig. 6.24) showed a large difference 
between simulations using the k-e model and the fixed turbulent (revised) value of 0.005 m2/s. 
The simulation of contaminant was much more sensitive to the turbulence model used than 
was the air velocity. The effect of grid density and refinement was also reviewed using the k-
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Figure 6.22 Effect on the airflows, x velocity and speed profiles in the aperture plane of an 'aerodynamic' fume cupboard when the lower and upper slots of the rear baflle are 
closed (2 D). 
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Fig. 6.2~ Effect of the turbulence model on concentration profiles in the aperture plane of an 
aerodynamic fume cupboard (2 D). (MG, medium refined grid~ TU, fixed turbulence model: KE, k E 
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Fig. 6.25 Effect of grid density and refinement on the concentration profiles in the aperture plane of an 
aerodynamic fume cupboard (2 D). (CG, coarse grid~ MG, medium refined grid: FG, fine grid; KE, k E 
turbulence modelj R, refined .9rid). 
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e model and the 'coarse' grid, 'medium' grid and 'complex' grid as used in earlier sections. 
This again showed that the concentration profile in the plane of the aperture was sensitive to 
changes in the grid structure (Fig. 6.25). 
The refined 'medium' grid was revised further (Fig. 6.26) by increasing the number of cells 
between the source and the aperture by 1. This substantially altered the concentration profile 
in the plane of the sash and which more resembled the 'complex' grid results. Two extra 
cells were added in the y direction of the aperture vertical limits but this only slightly altered 
the profiles. These further revised grids were then compared to the other grids to establish 
any effect on the air flow values in terms of x velocity and speed profiles in the plane of the 
sash. This showed little difference. 
The dependence of contaminant dispersal on the turbulence model was demonstrated by 
simulated diffusion in a 2 dimensional adiabatic tube with dimensions 0.5 m high, 1 m wide 
and 1 m long rectangular tube with smooth walls (Fig. 6.27). From one end air was extracted 
and the other end specified as an opening (inlet). The flow through the tube was 0.5 mls 
(cupboard face velocity) and with a Reynolds number of 16000. A contaminant (MW of air) 
was released as a vertical planar source in the centreline of the tube (positive side in the 
direction of air flow) at a rate of 0.001 kg contaminant!kg air passing through the plane. Contaminant profiles 
were then plotted at distances upstream of the source. 
Changing only the turbulence model appreciably altered the diffusion of the contaminant from 
the source. The flow in the tube was turbulent and the fixed value for turbulence (revised) of 
0.005 m2/s estimated from the density, characteristic velocity and height of the tube, was very 
different to either the k-e model or fixed turbulent value (revised) of 0.000125 m2/s. 
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Figure 6_27 Effect of the turbulence model on contaminant diffusion in a straight tube. (TU, fixed revised 
turbulence model (units m2/s~ k-e. k ~ turbulence model). 
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Figure 6.26 Effect of further grid refinement on concentration profiles in the aperture plane of an 
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6.2.7 Fume cupboard type compared in terms of contaminant profile 
The concentration profile of contaminant in the plane of the aperture of the two dimensional 
'aerodynamic' fume cupboard showed higher concentrations near to the sash than the lipfoil 
(Fig. 6.28). This may have represented the lack of sash handle and increased turbulence in 
this region. The values were slightly higher than expected in reality but this fume cupboard 
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Fig. 6.28 Effect of geometric features on concentration profiles in the aperture plane of an aerodynamic 
fume cupboard (2 D). 
The CFD model was used for comparing the effects of design changes as previously used to 
compare air flows. Removal of the lipfoil resulted in contaminant moving past the plane of 
the aperture and out of the cupboard along the work top. The contaminant profile in the 
plane of the aperture showed considerably higher concentrations near to the work surface. 
Removing just the rear baffle did not result in any change in the profile in the aperture plane 
compared to the 'aerodynamic' cupboard, but with both the rear bafile and lipfoil removed 
gave the greatest contaminant levels near to the work surface. 
6.2.8 Discussion and conclusions 
The two dimensional simulations were sensitive to the turbulence model specified, the grid 
density and its level of refinement. Qualitatively there was little difference, for each 
simulation the general airflow patterns were very similar. However, it was quantitatively 
where the differences were greatest. The simulation of a contaminant dispersal showed most 
differences. 
The calculated profiles of air flow (x velocity and speed) in the plane of the aperture were 
similar to the physical measurements but did not reflect accurately edge effects. In the 
simulation no sash handle was represented but where the lipfoil was simulated there were 
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differences. The physical measurements showed an increase in velocity as air passed over the 
top edge of the lipfoil which was not shown in the simulation. The simulation also showed a 
different x velocity and speed profile beneath the lipfoil. In the simulation, the program was 
unable to represent curves but only as a series of straight lines which in terms of the whole 
fume cupboard simulation would produce a grid too complex for this PC based calculation. 
However the two dimensional model of the aerodynamic fume cupboard was used as a base 
model and the effect of removing the bafile and lipfoil (without altering any of the model 
parameters) was compared to this base model. This clearly showed the relative contribution 
of these design features to the overall flow pattern and simulated containment. 
The lipfoil and sash handle were studied more closely as separate features from the whole 
cupboard simulation. This showed in more detail how each may influence local turbulence 
caused by sharp edges and how a smoothed entry profile may eliminate these. In terms of the 
whole fume cupboard flow field such local effects were not simulated due to limits on 
complexity. However, this showed a complete flow field, giving a mean estimation oftlow in 
the more localised turbulent zones. 
6.3 The use of a 3 dimensional model to describe and predict the effect of 
blockage, poor design and disturbance of airflows on the performance of open 
fronted containment systems (steady state) 
6.3.1 Three dimensional model set-up 
In order to simulate blockages and disturbance on fume cupboard containment a three 
dimensional model was set up as a progression of the two dimensional model (Fig. 6.29). The 
domain was reduced in terms of the volume of room outside the cupboard. This was reduced 
to ~ 100 mm horizontally and width increased to 1.6 m as the z component. The height was 
decreased. The same xy grid overlaying the cupboard was used, adjustment was made to the 
grid beyond the sash (Fig. 6.30) and the z grid was generated with refinement near to the 
vertical edges. The total number of grid cells was 46530. 
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Figure 6.29 3 Dimensional (3 D) model of an aerodynamic fume cupboard. 
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For calculation purposes the k-E model was used. A face velocity of - 0.5 mls was estimated, 
and extract flow rate specified accordingly. The solution domain was again adiabatic. The 
solution time was approximately 3 days. 
6.3.2 Description of air flow and comparison with 2 dimensional simulation and 
physical measurements 
The qualitative and quantitative results using the three dimensional model were compared 
with those of the two dimensional model. There was no visual difference between the air 
flows within the cupboard in the xy plane and for the 3D model in the horizontal centre line 
(Fig. 6.31). The profiles ofx velocity and speed for the two models however did differ (Fig. 
6.32). They matched each other near to the sash but the 3D model showed a slight drop in 
velocity in the middle of the aperture which increased nearer to the lipfoil before decreasing 
again. There was no difference in the x velocity and speed profiles below the lipfoil. In the z 
dimension (Fig. 6.31) the air flow was uniform across the width of the cupboard being 
squeezed at the edges to flow straight to the back near to the work surface. At mid height 
small recirculation zones were shown at the rear of the cupboard against the rear baffle. The x 
velocity and speed profiles across the aperture plane near to the work surface and in the 
horizontal centre line of the aperture (Fig. 6.33) showed lower values near to the sides which 
increased and then decreased slightly with distance from the sides. 
A contaminant source was placed on the work surface with the same xy dimensions and 
position to the 2D model but the z direction was increased to occupy the width of the work 
surface. The release rate of contaminant gas (MW of air) was 0.001 k~taminanJk~ir and the 
resultant profile in the vertical and horizontal centre line of the aperture plane showed values 
<le-9 k~minanJk~ir (Fig. 6.32 & 6.33). This was orders of magnitude less over the whole 
aperture than simulated by the 2D simulation and perhaps was more comparable to the 
expected physical measurements. The differences may be explained by increased cells in the z 
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Figure 6_32 Comparison of x velocity, speed and concentration profiles in the horizontal centreline of the 
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Figure 6.33 x velocity, speed and concentration profiles across the aperture plane. z direction, near to the 
work surface and at mid aperture height of an aerodynamic fume cupboard (3 D). 
Chapter 6 
direction over which the turbulent and molecular diffUsion was calculated and which also 
would reflect the change in velocity and speed profiles. 
These 3D x velocity and speed profiles were much closer to the physical measurements than 
the 2D model (Fig. 6.34). However, there were still differences beneath the lipfoil. 
6.3.3 Effect of fume cupboard design features on the overall flow field 
The effect of removing the baffle and lipfoil on the airflows, as compared using the 2D model, 
was repeated with the 3D model. Both the baffle and lipfoil were removed. The airflows, x 
velocity, speed and concentration profiles in the horizontal centre line of the plane of the 
aperture produced similar results and conclusions as for the 2D simulations. 
In the third dimension there was little difference in the air flows at mid aperture (Fig. 6.35), 
the only difference being at the rear where no baffle was present and the small recirculation 
zones extend to the back wall. There was greater difference near to the work surface where 
without the lipfoil or rear baffle the air flowed back towards the aperture from the working 
volume and where the contamination levels were several orders of magnitude higher (Fig. 
6.36) than with the baffle and lipfoil present. 
6.3.4 Effect of manikin/operator and blockage on simulated airflow and 
contaminant dispersal 
6.3.4.1 Set up 
The 3D simulation was used to study the effects of blockage on airflows and containment. 
The 'aerodynamic' model with and without the rear baflle and lipfoil was used as the 
established simulation and a 'square - edge' person modelled standing in front of them (6.37 
& 6.38) 1) 84 mm from the aerodynamic lipfoil and 60 mm from the edge of the work surface 
with lipfoil removed 2) against the edge of the lipfoil and against the edge of the work 
surface. The simulated person was adiabatic and there was no change of grid or any other 
)arar •• eters. 
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Figure 6.34 Comparison ofx velocity and speed profiles in the the horizontal centreline of the aperture 
plane of an aerodynamic fume cupboard with physical measurements (foraHo9 vane ~ ~herM\5J1,r 
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Figure 6.35 Effect on the airflow vectors in the xy plane, centreline of the aperture width, and in the xz 
plane within an aerodynamic fume cupboard, near to the work surface and at mid aperture height, when 
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Figure 6.36 Effect on the x velocity, speed and concentration profiles across the aperture plane, Z 









Figure 6.38 ~1' view of blockage in front of an 'aerodynamic' fume cupboard with rear baflle and lipfoil 
removed (3 D). 
6.3.4.2 'Aerodynamic' fume cupboard 
The effect on the airflows is shown in Figs. 6.39 - 6.42. In the vertical centreline of the 
cupboard aperture the effect of blockage near to the front was to force air to flow up the 
operator, past the lipfoil, near to the sash where it combined with air flowing down the 
operator and then into the cupboard. With the person standing against the lipfoil the reverse 
happened and the majority of airflow was from the top which entered the cupboard but also 
travelled down the person. The flow beneath the lipfoil was unaffected. 
The effect was clearer observing the 3D view. The planes chosen were near to the work 
surface and at mid aperture. At the work surface with the person standing near to the front 
there was obvious recirculation zones past the 'square' edges of the person. With the person 
against the lipfoil no such zones were shown but air flowing over the work surface was more 
disturbed. In mid aperture at both person positions there were recirculation zones past the 
person edges and the effect stretched deep into the working volume. This was more 
observable with the person standing against the lipfoil. 
Quantitatively, the profiles in the plane of the aperture showed that in the vertical centreline, 
the x velocity reduced with blockage in the aperture but beneath the lipfoil remained 
unaffected. Contaminant release on the work surface as in section 6.3.2 showed that a person 
standing near to the lipfoil affected the contaminant levels in the aperture plane more than a 
person standing against the lipfoil. Both caused higher levels near to the sash. 
6.3.4.3 'Aerodynamic' type fume cupboard with the rear bame or lipfoil removed 
The effect on the air flow near to the person was similar to the aerodynamic fume cupboard 
(Figs. 6.43 - 6.46). However, there was a much greater effect on the flow within the working 
volume. Recirculation zones became much more dominant both behind the sash and on the 
work surface where a large volume of air flowed from the back of the working volume to the 
front aperture. This was much more noticeable when a person stood against the front edge. 
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Figure 6.39 Effect of blockage on the airflow vectors in the xy plane, centreline of the aperture width, z 
direction, and in the xz plane within an aerodynamic fume cupboard, near to the work surface and at 
mid aperture height (3 D). 
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Figure 6.42 Effect of blockage on the x velocity, speed and concentration profiles across the aperture 
plane, z direction, of an aerodynamic fume cupboard at mid aperture height (3 D). 
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Figure 6.43 Effect of blockage on the airflow vectors in the xy plane, centreline of the aperture width, 
and in the xz plane within an aerodynamic fume cupboard at mid aperture height with the rear baffle and 
lipfoil removed (3 D). 
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Figure 6.44 Effect of blockage on the x velocity, speed and concentration profiles in the horizontal centre 
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Figure 6.45 Effect of blockage on the x velocity, speed and concentration profiles across the aperture 
plane, z direction, of an aerodynamic fume cupboard near to the work surface with the rear bafile and 
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Figure 6.46 Effect of blockage on the x velocity, speed and concentration profiles across the aperture 
plane, z direction, of an aerodynamic fume cupboard at mid aperture height with the rear baftle and 
lipfoil removed (3 D). 
Chapter 6 
These flows were also shown in the third dimension, the z direction, near to the work surface 
and mid aperture. 
The quantitative profiles of x velocity in the aperture plane and the vertical centreline showed 
the air flow in the lower half of the aperture was affected, flowing out beyond the aperture 
plane. Concentration profiles clearly showed how the values in the aperture plane for each 
position of the operator were several orders of magnitude greater than with no blockage. The 
values near to the work surface were the same concentration as the source itself 
6.3.4.4 Conclusions 
The effect of 'aerodynamic' features on resisting disturbance due to blockages was clearly 
demonstrated; the presence of the rear bafile and the front lipfoil prevented disturbance of the 
airflow over the work surface. These simulations were considered an exaggeration of the 
presence of a human standing in front of the aperture as the modelled person was 'square' 
with smooth surfaces whereas a human is rounded and covered with clothing. 
6.3.5 Effect of environmental disturbance on simulated airflow and contaminant 
dispersal 
6.3.5.1 Set up 
The 3D simulation was used to study the effects of an external air flow across the face of the 
cupboard on performance and containment. The 'aerodynamic' model with and without the 
rear bafile and lipfoil was used as the established simulation and the effect of a cross flow 
shown. The cross flow was specified as a supply encompassing the right side opening of the 
simulation in front of the cupboard aperture at a velocity of 1 mls which exceeded the 
cupboard face velocity. 
6.3.5.2 'Aerodynamic' fume cupboard 
The effect on the air flow was shown in Fig. 6.47. In the xz plane near to the work surface 
the external air flowed parallel to the lipfoil across the face of the cupboard. This caused 
substantial disturbance of air flow within the working volume resulting in a small recirculation 
zone past the nearest edge to the supply and sideways movement of air behind the lipfoil and 
across the work surface. At mid aperture height the recirculation zone at the near edge was 
much greater but there was little effect on the air flow over the rest of the working volume. 
The xz profiles in the aperture plane (Fig. 6.48) showed greatest effect of the disturbance was 
nearest to the supply of the cross flow. The effect on the concentration of contaminant was 
greatest near to the work surface. 
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Figure 6.47 Effect ofa cross flow of air (lmls) past the aperture of an aerodynamic fume cupboard on the 
airflow vectors in the xz plane within the cupboard, near to the work surface and at mid aperture height 
(3 D). 
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Figure 6.48 Effect of a cross flow of air (l mls) past the aperture of an aerodynamic fume cupboard on 
the x velocity, speed and concentration profiles across the aperture plane, z direction, near to the work 
surface and at mid aperture height (3 D)_ 
Chapter 6 
6.3.5.3 'Aerodynamic' type fume cupboard with the rear baffle or lipfoil removed 
The effect on the air flow within the working volume was similar at mid aperture height to the 
air flow within the aerodynamic fume cupboard. However, there was a greater disturbance of 
the air flow near to the work surface (Fig. 6.49), where the recirculation of air past the edge 
nearest to the supply was much larger extending further across the work surface and beyond 
this the air flowed sideways towards the furthest wall. 
The xz profiles in the aperture plane (Fig. 6.50) confirmed how the air flow near to the work 
surface was influenced much more without a rear baflle or lipfoil. In terms of contaminant 
concentratiol\ the levels were higher across most of the aperture width near to the work 
surface with disturbance than without. At mid aperture height the concentration nearest to 
the supply of the cross flow was the same as near to the work surface but this decreased more 
rapidly with distance across the aperture width. 
The simulation was repeated with square vertical edges either side of the aperture, i.e. a 'box' 
type fume cupboard (Fig. 6.51). With and without disturbance the air flow, x velocity and 
speed profiles were similar to those of the 'aerodynamic' cupboard with no rear bafile or 
lipfoil (6.52). However, the contaminant levels were higher with no disturbance, showing 
greater concentration near to the vertical edges. With a cross flow, the concentration of 
contaminant in the plane of the aperture near to the work surface was similar to the 
aerodynamic fume cupboard with no rear baflle and lipfoil. At mid aperture height the 
concentration across the aperture width was greater. 
6.3.5.4 Conclusions 
An air flow across the face of the cupboard at more than twice the cupboard face velocity 
was shown to substantially disturb the air flow in the plane of the aperture and within the 
working volume. However, the removal of the rear baflle and lipfoil resulted in much greater 
disturbance over the work surface. 
6.4 Simulation of the distribution of a contaminant with relevance to British, 
German and American Standard methods for the assessment of fume cupboard 
containment 
6.4.1 Introduction 
In section 2.1 the British, American and German standard methods for the quantitative 
assessment offume cupboard performance are described. In chapter 3, experience using the 
British Standard method (BS 7258 : 1994 : Part 4) is presented. Each of these standard 
methods utilises SF6 as the tracer gas which is released within the working volume and 
sampled for either in the plane of the sash or a fixed distance away. The relative position and 
type of source generation and sampling differs for each test method and this effects the 
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Figure 6.49 Effect of a cross flow of air (1 m1s) past the aperture of an aerodynamic fume cupboard with 
no rear baffle or lipfoil on the airflow vectors in the xz plane within the cupboard, near to the work 
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with the rear baffle or lipfoil removed, on the x velocity, speed and concentration profiles across the 
aperture plane, z direction. near to the work surface and at mid aperture height (3 D). 
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Figure 6.51 Effect of a cross flow of air (1 m1s) past the aperture of an aerodynamic fume cupboard with 
no rear baffle, no lipfoil and square edges on the airflow vectors in the xz plane within the cupboard, near 
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Figure 6.52 Effect of a cross flow of air (1 mls) past the aperture of an aerodynamic fume cupboard with 
the rear baftle or lipfoil removed and with square edges on the x velocity, speed and concentration 
profiles across the aperture plane, z direction, near to the work surface and at mid aperture height (3 D). 
Chapter 6 
distribution of tracer and possible detection of leakage. As SF6 is colourless its dispersal 
cannot be visualised and can only be ascertained by quantitative measurement; comparisons 
between the methods being based on these measurements. In this section the 3 dimensional 
CFD model is used to compare both qualitatively and quantitatively the dispersal of the tracer 
within the working volume by each test method and identification of 'potential' leakages in 
the plane of the aperture when the rear batlle and the lipfoil are removed. 
F or each simulation the source is in the centreline of the aperture width in terms of that 
particular standard method. For quantitative analysis the distribution of the tracer is shown by 
xy profile in the plane of the aperture and as xz profile at three heights in the plane of the 
aperture 1) near to the work surface 2) at mid aperture height and 3) near to the sash. The 
profiles in the plane of the aperture are actually values in the centre of the grid cell 7 mm 
inside of the aperture plane. 
The qualitative contour maps are shown scaled from 1 x 10-8 kgtrace/kg.ir to zero values. This 
is to reflect the sensitivity of physical measuring equipment capable of detecting 1 ppb (v/v). 
The weight ratio term k~cer / kg.ir can be converted to ppm (v/v) using the following 
formula: 
mg 24.04 ~') DC 3 P P m(v / v) = -3 X la _0 where the density of air is 1.2 kglm . 
m MWair 
For the ASHRAE and DIN tracer ejectors the dimensions and flow rates were 
approximations from available information. In order to compare the simulations of each of 
the test methods the solution grid was unaltered so as not to affect the results based on grid 
differences. However, this meant that the source dimensions would not necessarily line up 
exactly with the grid, the program would adapt the objects to the available grid (Fig. 6.53, 
6.59 & 6.63). Thus the simulations would be an approximation for comparative purposes 
and not absolute. 
6.4.2 BS 7258 : 1994 : Part 4 
6.4.2.1 Set up 
In the standard test method, the tracer gas (10%SFJ90%N2) was allowed to diffuse out from 
a funnel 30 mm in diameter at a release rate of 2 Vminlm cupboard aperture width i.e. 2.4 
lImin for the cupboard tested. This tracer had a density of 1.7 kglm3. In the CFD model the 
funnel was represented as a 30 mm square planar source with a mass flow rate of gas at each 
source position of 0.000068 kgls, 10%SFJ90%N2 tracer gas concentration 1 kgtrace/kg.ir. In 
this simulation the ideal gas law was used and the tracer gas given a MW of39.8 to reflect the 
greater density in air. 
183 
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In the standard test method the source was positioned in 6 places as separate tests. For the 
purposes of this simulation, first one position was used (P 1) and the distribution of the source 
through the working volume calculated to assess cupboard mixing then for comparison with 
the other tests a simulation was used with the two sources in the centreline of the aperture 
width (P2 and P5). 
6.4.2.2 Simulations 
Qualitatively with the tracer gas released from PI it was not fully mixed within the working 
volume near to the work surface or at mid aperture height (Fig. 6.54 & 6.55). This compared 
well with the physical measurements in section 3.9.3.7 where no tracer was sampled in the 
lower right half of the working volume when released from PI. However, the tracer was well 
mixed within the volume of air behind the sash and as the source would be moved to 5 other 
positions in a test, so covering the aperture, it was considered that the interior working 
volume would be fully seeded with tracer, albeit at different times. 
With the source at P2 and P5, in the case of the aerodynamic fume cupboard, much of the 
working volume was filled with tracer apart from regions near to the left and right walls (Fig. 
6.56). For this cupboard model the whole of the aperture height in the centre line was 
challenged with tracer. From the profiles (Fig. 6.58) there were negligible amounts of tracer 
near to the work surface or at mid aperture height in the plane of the aperture, but near to the 
sash there was concentration of tracer several orders of magnitude higher. 
Removal of the rear baftle and lipfoil resulted in much greater dispersal of tracer within the 
working volume, most of the aperture being challenged (Fig. 6.57). The profiles showed 
greater concentration at the aperture plane near to the work surface and at mid aperture 
height (Fig. 6.58). At the work surface, there was higher concentration of tracer to the left 
and right walls whereas at mid aperture height the greatest concentrations were in the xy 
plane of the sources. Near to the sash the results were similar to those levels with the rear 
baflle and lipfoil present. 
6.4.3 ASHRAE 110 1993 
6.4.3.1 Set up 
This involved the release of tracer gas from an ejector diffUser 127 mm diameter, 76 mm deep 
standing -350 mm with a 90 mm diameter base (these dimensions were approximated from 
Caplan and Knutson, 1982). The CFD model was represented as a square planar source 
sitting on a cuboid base. The release rate of SF6 tracer was suggested to be 1 Vmin and as it 
passed through the base it entrained air to be discharged from the diffUser at -0.03 mls with 
density near that of air. From the dimensions the surface area of the diffUser was 0.043 m2 
with open area 50 % and the mass flow rate of tracer/air mix from this diffUser, at the density 
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Figure 6.54 xy contours of tracer distribution, in the centre line of the source, when released from source position PI (BS 7258 : 1994 : Part 4) within the working volume of an 
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Figure 6.55 xz contours of tracer distribution inside the cupboard near to the work surface, at mid aperture height and near to the sash when released from source position PI (BS 
7258 : 1994 : Part 4) within the working volume of an 'aerodynamic' fume cupboard (3 D). 
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Figure 6.56 xy contour, centre line of the source, and xz contours, near to the work surface, at mid aperture height and near to the sash, of tracer distribution when released from 
source position P2 and P5 (BS 7258 : 1994 : Part 4) within an 'aerodynamic' fume cupboard (3 D). 
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Figure 6.57 Effect of removing the rear baftle and lipfoil on xy and xz tracer contours when released from from source position P2 and P5 (BS 7258 : 1994 : Part 4) within an 
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Figure 6.58 Effect of removing the rear baflle and lipfoil on tracer concentration profiles in the aperture 
plane, centreline of the source, and across the aperture plane, z direction, when released from positions 
P2 and P5 (BS 7258 : 1994 : Part 4) within an aerodynamic fume cupboard (3 D). 
Chapter 6 
of air, was estimated to be 0.0016 kg/so This gave an entrainment factor of 16 times air to 
SF6 and thus SF6 content 0.0001 kg/s, 0.0625 kgtracer / k~ir. In order to diffuse this planar 
source in 3 dimensions at discharge velocity 0.03 mls a volume resistance was added above 












As the tracer was well mixed with air and may be assumed to equal the density of the air 
when discharged the solution domain was fixed at a constant density of 1.19 kg/m3, and the 
ideal gas law was not used. 
In the test method the source was positioned in 3 places as separate tests. F or the purposes 
of this simulation, the source was placed in the central position in the centreline of the 
aperture width. 
6.4.3.2 Simulations 
The discharge of air from the ejector did not visually disturb the air flow within the working 
volume (Fig. 6.59). In the case of the aerodynamic fume cupboard much of the working 
volume was filled with tracer apart from regions near to the left and right walls (Fig. 6.60). 
F or this cupboard model the whole of the aperture height in the centre line was challenged 
with tracer. From the profiles (Fig. 6.62) there was negligible amounts of tracer near to the 
work surface or at mid aperture height in the plane of the aperture, but near to the sash there 
was concentration of tracer several orders of magnitude higher. 
Removal of the rear baffle and lipfoil resulted in much greater dispersal within the working 
volume, most of the aperture being challenged (Fig. 6.61). The profiles showed greater 
concentration at the aperture plane near to the work surface and at mid aperture height (Fig. 
6.62). At the work surface, there was higher concentration of tracer to the left and right walls 
whereas at mid aperture height the greatest concentrations were in the xy plane of the 
sources. Near to the sash the results were similar to those with the rear baffle and lipfoil 
present. 
6.4.4 DIN 12 924 
6.4.4.1 Set up 
This involved the release of tracer gas from an ejector diffuser 90 mm diameter, 100 mm deep 
standing 465 mm with a 75 mm diameter base (these dimensions were from DIN 12 924 
standard). The CFD model was represented as a square planar source sitting on a cuboid 
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Figure 6.60 xy contour, centre line of source, and xz contours, near to the work surface, at mid aperture height and near to the sash, of tracer distribution when released from the 
central source positions (ASHRAE 110) within an aerodynamic fume cupboard (3 D). 
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Figure 6.61 Effect of removing the rear baffle and lipfoil on xy and xz tracer contours when released from the central source positions (ASHRAE 110) within an aerodynamic fume 
cupboard (3 D). 
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Figure 6_62 Effect of removing the rear baffle and lipfoil on tracer concentration profiles in the aperture 
plane, centreline of the source, and across the aperture plane, z direction, when released from the central 
source position (ASHRAE 110 : 1993) within an aerodynamic fume cupboard (3 D)_ 
Chapter 6 
base. The release rate of 10%SFJ90%N2 tracer was 3.33 Vmin per metre length of aperture 
width and as it passed through the base it entrained air to be discharged from the diffuser at 1 
mls with density near that of air. The plume was described in section 2.2.2 to be -1 mls near 
to the diffuser and then to drop rapidly with distance. From the dimensions the surface area 
of the diffuser was -0.015 m2 with estimated open area 50 % and the mass flow rate of 
tracer/air mix from this diffuser, at the density of air, was estimated to be 0.0076 kg/so The 
estimated 10%SFJ90%N2 content was 0.000094 kg/s, 0.0145 kgtrace/kg..ir. In order to 
diffuse this planar source in 3 dimensions at discharge velocity 1 mls to resemble the plume, a 












As the tracer was well mixed with air and may be assumed to equal the density of the air 
when discharged the solution domain was fixed at a constant density of 1.19 kg/m3, and the 
ideal gas law was not used. 
6.4.4.2 Simulations 
The air flow within the working volume was very much affected by the simulated DIN source 
(Fig. 6.63). This discharged air into the upper reaches of the working volume. This was 
reflected in the distribution of the tracer, it being greater in the upper levels with little down at 
the work surface (Fig. 6.64). 
Profiles in the aperture plane for the aerodynamic fume cupboard showed negligible amounts 
at the work surface or at mid aperture height but, as with the other test methods, much 
greater concentration was near to the sash (Fig. 6.66). 
Removing the rear baffle and lipfoil was shown in earlier simulations to result in elevated 
levels of tracer in the aperture plane near to the work surface (Fig. 6.65 & 6.66). However, 
the simulation of the DIN source did not show this. 
6.4.5 Effect of sash handle on test results (BS 7258) 
In each of the simulations it was shown there was much higher concentrations near to the 
sash in the aperture plane than the rest of the aperture. As no handle was or 'aerodynamic' 
feature was simulated here this was not unexpected. However, the representation of such a 
feature in terms of the whole model meant too complex a grid. In order to see the effect of a 
very crude design feature, an angled thin wall was added to the sash which had a trailing edge 
extending into the working volume. The solution grid was not altered. 
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Figure 6.64 xy contour, centreline of source, and xz contours, near to the work swface, at mid aperture height and near to the sash, of tracer distribution when released from the DIN injector 
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Figure 6.66 Effect of removing the rear baffle and Jipfoil on tracer concentration profiles in the aperture 
plane, centreline of the source, and across the aperture plane, z direction, when released from the DIN 
12 924 injector within an aerodynamic fume cupboard (3 D). 
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Using the BS 7258 source, the presence of this feature decreased the concentration of tracer 
in the plane of the aperture near to the sash, and was similar to the rest of the aperture plane 
(Fig. 6.67). 
6.4.6 Discussion and comparison of test methods 
The BS and ASHRAE simulations produced similar results. The DIN simulation did not 
result in tracer being dispersed near to the work sutface and thus did not show recirculation 
of air from the working volume of the cupboard back to the aperture plane in this region. 
This had already been demonstrated by physical measurements (Fletcher, 1992) where it was 
commented that the DIN source challenged the region near to the sash but not near to the 
work sutface, whereas the BS source, being moved around the aperture challenged all areas. 
The concentration of tracer in the plane of the sash was around the maximum sensitivity of 
physical instruments, 1 ppb. If these simulations were compared to physical measurements, 
then for the aerodynamic cupboards no tracer would be sampled in the plane of the sash near 
to the work sutface and mid aperture. It would sample and detect tracer near to the sash. 
However with the sash handle fitted no tracer would be detected in the entire aperture plane. 
This is what would be expected in reality. On removing the rear baffie and the lipfoil the 
concentration of tracer was greater in the aperture plane and these levels would be sampled 
and detected by the physical instruments, as would be expected, indicating poor design. 
This would suggest that the CFD model was more sensitive than the physical measurements 
and could clearly distinguish between cupboard designs if poor or good. It could also be used 
to compare the stability of cupboard designs when disturbed by blockage or cross flows. 
The 3 dimensional model gave better results than the two dimensional model. However, it 
took much longer, over two days to resolve. This is also important in terms of a test and is 
much longer than the time taken to conduct a physical test, which generally take one hour. 
However, a more powerful PC would enable the generation of results quicker. 
6.5 Two - dimensional visualisation and analysis of airflows in microbiological 
safety cabinets 
6.5.1 Problem set-up 
2 dimensional CFD models were used to provide qualitative and quantitative analysis of air 
flow within class I and class II microbiological safety cabinets. These simulations were 
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Figure 6.67 Effect of a sah handle on tracer concentration profiles in the aperture plane, centreline of the 
source, and across the aperture plane, z direction, when released from positions P2 and P5 (BS 7258 : 
1994 : Part 4) within an aerodynamic fume cupboard (3 D). 
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6.5.2 Class 1 cabinets: Simulation of air flow 
The major difference between the class I safety cabinet (section 2.3) and a box type fume 
cupboard was the size of the aperture which was smaller, narrower and with a fixed height. 
However little was done to smooth out the air flow into and within the cabinet which 
resembled those into and within the box fume cupboard. There was turbulence and 
recirculation of air passed the entry corners of the aperture and no scavenging of the work 
surface. 
This was demonstrated using the CFD model of a class I cabinet with a sloping sash and front 
lip and with an average face velocity of 1 mls. There were recirculation zones of air behind 
the sash and behind the front lip (Fig. 6.68). Air also moved from the back of the work 
surface to the region behind the lip. This showed that air near to the work surface flowed 
back towards the aperture. This was also shown by water fog visualisation. 
The design of the lower lip resulted in air flowing normal to the direction of flow through the 
aperture, much the same as air flow past the sash of a fume cupboard. The absence of this lip 
resulted in air flowing right up to the edge of the work surface (Fig. 6.68) 
6.5.3 Class II cabinets: Effect of design and balance on overall flow patterns 
The air flow in class IT cabinets (section 2.3) was much more complex than a class I cabinet. 
In a class IT cabinet there was a downward flow of air over the work surface and an inflow of 
air through the front aperture. The balance of these air flows was critical in order to obtain 
satisfactory operator and product protection. Early work involved both physical and 
mathematical analysis to get the balance right (McDade et. aI., 1968; Akers et. aI. 1969). 
The use of the 2 dimensional CFD model of a typical class II safety cabinet to visualise the air 
flow (Fig. 6.69) showed how the balance could be varied between downflow and inflow 
velocity and the effect on operator and product protection. In a balanced simulation as 
specified within BS 5726 : 1992 : Part 1 (downflow 0.5 mis, inflow 0.7 mls) the x velocity 
and speed in the plane 100 mm above the lower edge of the sash showed a 10 % deviation at 
the back and front of the working volume from the average downflow of air; 20 % from front 
to back. Decreasing the inflow velocity to 0.2 mls resulted in an x velocity and speed profile 
100 mm above the sash edge that was much straighter from front to back of the cabinet 
interior with little deviation from the average. Increasing the inflow velocity to 1 mls resulted 
in the a similar x velocity and speed profile from the front to back of the working volume 100 
mm from the sash edge as with an inflow velocity of 0.5 mls. However at 1 mls inflow 
velocity the airflow encroached over the work surface. At a distance of 30 mm from the 
downflow supply, the profiles were straight for each simulation. 
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Figure 6.69 The effect of inflow and downflow balance on the airflow vectors and horizontal profiles of x velocity and speed within a class II microbiological safety cabinet (2 D). 
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A 'tracer gas' was specified as a planar source covering the roof of the cabinet and mixed 
with the supply air at a ratio of 1 k&pecieJk&ir for each of the simulations (Fig. 6.70). Using 
the balanced flow simulation as the base model to which the other simulations could be 
compared, at a lower inflow velocity (0.2 mls) greater concentration of tracer was calculated 
beyond the aperture plane in the room and at the higher inflow velocity (1 mls), lower 
concentrations of tracer were calculated over the work surface. Releasing the 'tracer gas' 
outside the cabinet as a planar source over the opening to the solution domain showed greater 
concentrations over the work surface for the higher inflow velocity and lower concentrations 
at the lower inflow velocity. 
These simple simulations thus showed that for the design of cabinet modelled the inflow and 
downflow velocities specified in the British Standard were about right and that the model was 
capable of showing the effect of imbalances. 
6.6 Key interim conclusions 
• The Flovent CFD software programme, with its graphical user interface and specific 
approach to HV AC systems, was simple to input data and boundary conditions. In order 
to correctly interpret and analyse the results, the user must have a basic understanding of 
HV AC systems, CFD techniques and its limitations. 
• Open fronted containment system simulations showed the relative effect of design features 
on the overall flow pattern and containment. It clearly distinguished between good and 
bad designs, comparing well with physical measurements. 
• The CFD model was used to compare the stability of fume cupboard designs when 
subjected to blockage or environmental disturbances. The model could be challenged to 
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Figure 6.70 Effect of airflow balance on the tracer contours within a class II cabinet when released with the downflow supply and when released outside the cabinet (2 D). 
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Chapter 7 Aerobiological performance assessment of a hospital burns 
unit 
7.1 Introduction 
In Chapters 3, 4 and 5 the use of gas and particle tracer methods for the physical 
measurement of the performance of open fronted containment systems was assessed. In 
Chapter 6 the application of computational fluid dynamics to the performance assessment of 
these open fronted containment systems was also investigated. In this Chapter, all these 
methods are combined to assess a complex containment system for preventing cross-infection 
in a hospital. The importance of each method for assessing the performance of the ventilation 
system of a burns unit is investigated and how each method compares for predicting and 
analysing design changes and remedies to apparent problems. These methods are also 
compared with the strategies currently used for assessing the performance of operating 
theatres and ultra clean ventilation systems (viz. by collecting and counting airborne bacteria). 
In additioI\ airborne particle counts are made which is a strategy used for assessing clean 
rooms. There is much similarity between the operation of an operating theatre and a clean 
room and correlation's have been made (Seal & Clark, 1990). Counting particles in both 
cleanrooms and operating theatres for assessing performance is included in the Australian 
National Standard (AS 1386,1989). 
7.2 Historical 
The use of ventilation in the operating theatre and intensive care room was needed to control 
the environment in terms of temperature and humidity, thus ensuring the comfort of the 
operating team and patient, and the level of suspended matter, in order to minimise or prevent 
contamination of the wound by the airborne route (Lidwell, 1984). 
The ventilation principles used ranged from general ventilation to the advanced concepts of 
cleanroom technology, depending on the level of surgery or intensive care required. The 
early operating theatres used general ventilation (Faircliff, 1984) with sufficient air to provide 
comfortable conditions with respect to temperature and humidity, to dilute the bacteria 
dispersed by personnel in the operating room, dilute the bacteria in areas adjacent to the 
operating room and provide control of air movement to ensure minimum transfer of bacteria 
carrying particles from the adjacent rooms into the operating room. 
These conventionally ventilated rooms were improved by using air handling systems to filter 
the air to remove particles above 5 Jlm and to distribute the air in a substantially vertical 
direction over the operating site and sterile instruments (non-laminar flow). Such systems 
reduced the level of macro-turbulence and increased the dilution of suspended matter at the 
operating site using the standard supply air volume. This form of ventilation was shown to 
limit airborne bacteria carrying particles to between 100 - 500 bcp/m3 at the wound site which 
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was a level compatible with good healing of the soft tissue wounds which were made in the 
course of general surgical operations. The air velocity in the room was low and room air 
changes around 20 changes/hr. 
This level of airborne contamination was unacceptable for certain types of surgety including 
orthopaedic prosthesis implant and open heart surgety, and in the intensive care of patients 
with severe bums where a small degree of contamination could progress to widespread 
infection. In operations involving cartilage covered joint surfaces or a metallic prosthesis 
there was no inherent resistance to infection and any bacterial contaminants tended to 
multiply rapidly. Bum wounds were moist and had protein rich exudate as an ideal medium 
for bacterial growth but contained no antibacterial factors. In order to prevent wound sepsis 
clean filtered air had to be provided at the operating zone and in a fashion to minimise the 
entrainment of organisms from the operating team and to lessen the risk of infectious particles 
and other suspended matter entering the wound. In these cases the principles of spot 
protection in cleanrooms using laminar or unidirectional air flow were used and modified. 
REP A filtered air was introduced into the room from a partial surface, i. e. a large area of wall 
(cross flow), or from ceiling diffUsers (vertical flow). This then flowed over the critical zone 
in a well-defined direction and was exhausted from regions in the room outside this zone. 
The size of the critical zone had to be large enough to encompass the patient, the table and 
the instruments. With such systems, as the inlet air was only from a partial area of a surface 
or wall, the entrainment of air from the peripheral room areas into the clean zone became an 
important risk factor. There were various methods employed to protect against it which 
included: 
• Curtains of sufficient length at the border of the flow area which extended well below the 
table or bed to form a canopy. 
• A partial canopy in which the ventilation system was altered to encourage air to flow out 
of the critical zone in controlled manner. 
• An established truly laminar displacement flow. 
In 1962 Charnley and Howorth designed, for use in orthopaedic surgety, the first of these 
"ultra clean" ventilation (DCY) systems with an enclosure having full length curtains which 
separated the service team from the operating team and which provided a unidirectional\ 
. (ChRm)e~/19~) 
downward flow of sterile air within the enclosure that was allowed to eXlt near the tloorA. The 
exhausted air from the enclosure then mixed with the air in the room in a conventional 
manner. This worked well preventing the entrainment of air from regions outside the clean 
zone (Lidwell et. aI., 1982). However the restrictions imposed by the fixed sides of the 
enclosure rendered it unacceptable for many types of surgery and to many surgeons. 
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F or ventilation systems fitted with partial canopies, there was still the problem of entrainment 
as the air exited the canopy, and due to the passage of people into and out of the clean zone. 
This was approached by using high level extracts on the periphery of the canopy to encourage 
the air to flow outwards from the canopy at the edges and maintaining a vertical flowing core 
in the centre. Further development to enhance this flow was to vary the discharge velocity 
across the clean zone so that there was a higher velocity and pressure in the centre of the 
clean zone than at the periphery and the air flowed radially outwards, away from the surgical 
team. The flow regime was likened to an exponential curve and hence termed exponential 
flow (OHair Ltd.). 
The performance of these systems with normal operating gowns being worn by personnel 
within the clean zone was shown to be 10 bcp/m3 (Charnley & Howorth, 1962) near the 
wound site. In 1973 Charnley developed body exhaust gowns which were made out of 
occlusive cloth, the microenvironment of the personnel wearing the gown being conditioned 
by air drawn over the whole body and exhausted via tubes beneath the gown. This reduced 
the levels of bcp at the wound site to < 1 bcp/m3. The gown was modified so that it did not 
envelope the head but this did not compromise the performance levels obtained at the wound 
site. New fabrics were then developed which give comparable performance to the Charnley-
Howorth body exhaust gowns when used within the clean zone of an ultra clean ventilation 
unit (Newton et. aI., 1991). 
The airflow into the clean zone had to be of a high enough velocity to cope with the buoyant 
convective flows from the surgical team, the patient and the operating lamps, and combat 
entrainment from areas outside the clean zone from the movement of the personnel. In 1973, 
Whyte et al. suggested that velocities in the region of 0.3 - 0.5 mls be used with no 
compromise in performance. They examined both crossflow and vertical flow systems 
concluding the Ja.rt-er provided more stringent cleanness levels as found in cleanroom 
practice. In 1979, an Australian Standard (AS 2251) was published on UCV design 
recommending velocities between 0.37 - 0.55 mis, with uniformity + 20 %, with no medical 
equipment e.g. theatre lights or people present. In 1986, the Department of Health and 
Social Security put out a draft report on the requirements of UCV systems, recommending 
vertical velocities measured 2 m from the floor of 0.3 mls for full walled enclosures (walls 
terminating 1 m above floor level) and 0.38 mls for partial walled enclosures (walls 
terminating 2 m above floor level). These velocities would result in about 400 air changes/hr 
within the room. 
The temperature of the air supplied to the clean zone of an ultra clean ventilation system was 
important with respect to the thermal comfort of the personnel working and the body 
temperature of the patient. This had to be below that of the ambient air so that the buoyancy 
of the air did not cause a problem. The range of temperatures which the majority of people 
felt comfortable with was in the range 21 - 24°C and 30 - 70 % relative humidity (rh) with air 
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movement < 0.2 mls (Clark & Edholm, 1985). However during surgery the personnel were 
exposed to greater levels of heat in the form of radiation from the lights. A comfortable 
working temperature for minimum fatigue was found to be between 19 and 20°C (50 % rh 
and air velocity 0.13 mls). However during surgery with open wounds, the heat loss from the 
body was greater due to radiation and the evaporation of body fluids, and a temperature of 21 
- 24°C was required to prevent surgical hypothermia. In the treatment of bum injuries there 
was a much larger surface area of tissue exposed resulting in much higher rates of heat loss. 
In addition a method of treatment was to expose the wound to continuous flowing air in 
order to enhance the formation of an eschar. This made the control of the temperature 
critical in maintaining comfortable conditions; to prevent evaporative cooling or sweating. 
Depending on the form of treatment used, the air temperature could be up to 45°C (65 - 70 
% rh). These conditions made it very uncomfortable for personnel attending the patient. 
This elevated supply temperature made the air inherently buoyant and the velocity of the 
supply had to be increased accordingly to balance the buoyancy but not induce excessive 
evaporative heat loss. It was a compromise. It was recommended that the UCV have full 
length walls so as to maintain the flow to 1m above floor level, so lowering the exit point of 
the supply air into the room (Whyte et. al., MRC recommendations; 1983). 
7.3 Review of test methods 
The performance of operating theatre and ultra clean ventilation systems were assessed 
qualitatively, using smoke to visualise the airflow patterns, and quantitatively by measuring 
the number of bacteria carrying particles (bcp) in the air, based on the number of colony 
forming units (cfu) (Holton et. al, 1990). The quality of the air was also assessed by 
measuring the total number of airborne particles; those counts of particles in the size range 
5.0 - 7.0 J...lm correlated with bcp count and in the size range 0.5 - 3.0 J...lm and > 15 J...lm 
corresponded to activity (Seal & Clark, 1990). This was viable for use in the type test, 
commission and regular maintenance of ultra clean ventilation systems but not for turbulently 
ventilated operating theatres where the particles may represent to the counter. The DHSS 
draft report (1986) recommended the use of particle counting in type testing and bacterial 
counting for commissioning and in-situ testing. The Australian Standard AS 2251 - 1979 
recommended assessing the performance as a cleanroom of class 3.5. 
The use of gas and particle tracers for assessing cross infection in hospitals was investigated 
by Foord & Lidwell (1972, 1975fand by Hambraeous & Sanderson (1972). They used 
nitrous oxide as a gas tracer and potassium iodide as a particle tracer (from which the KI-
Discus method was developed for testing safety cabinets). These studies demonstrated the 
use of tracers to quantify the isolation of individual rooms within the hospital ward. There 
was a disparity in the results obtained with particles and gas tracers due to the settling of the 
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particles, but this could be calculated as effective ventilation. Such tracer methods were 
never incorporated into standard performance assessment strategies. 
7.4 The burns unit and Ultra Clean Ventilation (UCV) system 
The bums unit in this investigation was intended to be "isolated" from the rest of a plastic and 
reconstructive surgery ward in order to minimise possible cross contamination a) either from 
the hospital ward to the unit or from the unit to the hospital ward and b) between individual 
rooms within the unit. The movement of air and airborne particles was controlled by 
maintaining airflow from positive to negatively ventilated regions (Fig. 7.1). Entrances to the 
unit were through positive pressure airlocks (relative to the ward and unit) and individual 
rooms within the unit were designed to be at negative pressure with respect to the corridors 
and airlocks. Barrier nursing techniques allowed the unit to be used for other procedures 
during the treatment of a serious bum injury in the intensive care room. 
The operating theatre, dressing room and intensive care rooms were equipped with ceiling 
mounted DCV systems with partial canopies. lIEP A filtered air at controlled temperature 
and humidity was blown downwards over a patient nursed on a Low Air Loss Bed (LALB, 
KCI Mediscus Ltd., Wareham, England) and then outwards into the room producing a clean 
and controlled environment around the bed (Fig. 7.2). The flow of air away from the bed into 
the room was augmented by air drawn upwards through extracts in the ceiling around the 
periphery of the canopy. This air, together with make-up air from a plant room, constituted 
the DCV supply over the bed (Fig. 7.3). The make-up air was temperature and humidity 
controlled. The velocity and temperature of the supply air could be controlled between the 
design parameters of 0.38 - 0.5 mls and 20 - 40°C respectively. 
The proportion of air being drawn from the room back through the DCV determined the net 
flow of air supplied to the rest of the room. Air in excess of that supplied to the room was 
exhausted directly to the outside thus creating a negative pressure in the room. The supply 
air throughout the unit was regulated to give a constant volume flow rate allowing for soiling 
of the REP A filters. The pressure within rooms was controlled by varying the exhaust, each 
room having separate extract systems to allow for flexibility. 
The LALB had a temperature controlled flow of air through it to maintain patient comfort. 
The minimum temperature gain through the bed was 5°C. This temperature rise and some air 
leakage (some 15% through the stitching) both contributed to the lift of air beneath the DCV 
canopy. 
At commissioning the criteria for performance of the unit and DCV had been to measure the 
pressure differentials between rooms, establish the recommended exit velocity measured at 
the edge of the canopy at ambient temperatures which gave a flow rate of 0.1 mls at the bed 
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surface, airflow visualisation and bacterial counts. At higher uev supply temperatures the 
flow rate was increased to maintain 0.1 mls at the bed surface. Annual inspections involved 
measurement of pressure and velocity, flow visualisation and bacterial counts beneath the 
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Figure 7.2 Cross section of ultra clean ventilation (UCY) system fitted in the ceiling of the intensive 
care room showing ducting from DCV extracts to the fan chamber. Fan make up air direction and 
expected velocity profile over the bed surface are also shown. 
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Figure 7.3 Plan view of the ultra clean ventilation (UCY) system fitted in the ceil~ng of the intensive 
care room showing ducting from DeV extracts to the fan chamber, fan make up au and room extracts. 
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7.5 Materials, equipment and methods 
7.5.1 Pressure 
Room air pressures were measured in the middle of each room in mm water gauge (W g) 
using an electronic micromanometer (Furness Controls Ltd., Bexhill, England). 
7 .5.2 Velocity 
Airflow velocity measurements were made with a 110 mm diameter rotating vane 
anemometer (Airflow Developments Ltd., High Wycombe, England) and a thermistor 
(thermal) an~"J?!l~r, model TA-2-15 (Airflow Developments Ltd., High Wycombe, 
England). The}calibration of this instrument was described in section 3.8.1.2. 
7.5.3 Temperature 
Air temperature was measured using the following thermometer types: a) a mercury in glass 
thermometer, b) a thermo-hygro unit (precision Gold) and c) thermistor temperature probes 
(Airflow Developments Ltd. and a Lee Integer CH-15 probe unit). Surface temperatures 
were measured with a Raytek ET-ill infra-red spot meter (a thermopile measuring radiation 
between 8 and 13 m). These were not calibrated but expected to have an accuracy ± 1°C. 
7.5.4 Humidity 
Relative humidity was measured with a thermo-hygro unit (precision Gold) and a Lee Integer 
CH-15 thermistor probe unit. This was not calibrated but expected to have an accuracy 
within ± 3 % rho 
7.5.5 Potassium iodide tracer method 
The spread of airborne contamination was assessed using a particle tracer system (KI-Discus, 
Containment Technology Ltd., Wimborne, England). This equipment, normally used for 
assessing the containment of microbiological safety cabinets (BS 5726 : 1992) as described in 
Chapters 4 and 5, was modified so that the source could be operated independantly of the 
sampling/control unit. A solution of 1.5 % potassium iodide in absolute alcohol was 
aero soli sed to form 7 ± Jlm particles at a rate of3xl0
7 
particles/min. These were sampled in 
the air at a rate of 100 litres of air per minute with collected particles deposited on a 25 mm 
diameter filter membrane disc (Millipore UK Ltd.). Any potassium iodide particles on the 
filter membrane were "developed" in a solution of 0.1 % palladium chloride in 0.1 molll 
hydrochloric acid. The number of brown spots on the filter membrane were then counted. 
7.5.6 Gas tracer method 
Nitrous oxide gas was used to trace air movement. 5 litreS/min of nitrous oxide was released 
into the unit and which did not exceed the suggested safe limits (the occupational exposure of 
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nitrous oxide is under revl€W, but a safe limit was considered to be 100 ppm, or 1 %). The 
tracer gas was measured with a portable infra-red gas analyser (Miran 1~ Foxboro Co. UK). 
This was a single beam, variable filter spectrometer, scanning the infrared spectral range 
between 2.5 and 14.5 m. The instrument was equipped with a gas cell having a path length 
variable between 0.75 and 20.25 m. The analytical wavelength used for nitrous oxide 
detection was 4.5 m and path length of 12.75 m. This gave a calibration (from Foxboro 
data) of 119.1 (ppm! AU) at the above settings, and minimum detectable limit of 0.04 ppm 
(based on pathlength of20.25 m). 
7.5.7 Particle measurement 
Airborne particle measurements were made using a counter as recommended by BS 4545 for 
the evaluation of clean rooms. The sample flow rate was 1 ft?min-1. Particle measurements 
were made in the size range from 0.3 p.m to >25~. This instrument was calibrated by the 
phannacy department. 
7.5.8 Smoke visualisation 
Hot generated oil smoke was used to visualise the movement of air within the unit. The oil 
used was Shell Ondina oil E.L. light, which is a paraffin based oil of a pharmaceutical grade 
and which is considered harmless to humans. The oil was thermally vapourised below its 
ignition point to produce a thick white smoke. This was released through an eight hole 
smoke comb. 
7.5.9 Airborne bacterial sampling 
Airborne bacteria were sampled using a Casella slit air sampler (Casella London Ltd., 
Bedford, England) on an agar plate at a rate of 175 litres of air per minute 
7.5.10 Computational fluid dynamics (CFD) 
Computational fluid dynamics as discussed in Chapter 6 using software provided by Flovent 
(Flomerics Ltd., Kingston-upon-Thames, Surrey). 
7.6 Results and discussion of the physical measurements made in the burns unit 
7.6.1 Air pressures and air flows (as visualised with smoke) within the unit 
The manner in which the unit was operated and the measured air pressures around the ward 
(Fig. 7.4) were found to differ from the design parameters. The main airlock A (generally 
used for access to the unit corridor and bedrooms) had a small positive pressure relative to 
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From the design data supplied, the supply to this airlock should have been +8 Pa with the 
doors closed. However the lack of positive pressure enabled air to move freely into the 
airlock from the hospital ward and subsequently into the negatively pressurised rooms leading 
from it. This constituted a prime route for potential airborne contamination from the hospital 
ward to enter the unit. 
Air flowed into the unit corridor through the double doors of airlock A and along the corridor 
towards airlock C, and was clearly influenced by the pressure differences of the adjoining 
rooms. The pressure in both changing rooms was negative with respect to the hospital ward 
and the corridor. Airborne contamination in these rooms would not be expected to enter the 
unit. However, there was no control of the opening sequence of the doors. With the door of 
the male changing room fully open air flowed into the corridor near to the ceiling. This effect 
was not apparent in the female changing room. 
There was little measurable pressure difference (design -6 Pa) between the dressing room 
(ventilation on standby and the door to the corridor open, as was usual practice) and the 
corridor, and air flowed into this corridor near to the ceiling. 
The viewing area (airlock B) had a positive air pressure much smaller than the design level of 
+8 Pa. This could have been due to the higher than normal pressure difference with the 
intensive care room and more air being drawn from the viewing area; little air flowed from the 
viewing area into the corridor. In the intensive care room the air pressure fluctuated and on 
one occasion was measured at -13.5 Pa (design -6 Pa). This may have been due to changes in 
environmental conditions both within the ward and unit but also outside (the room exhaust 
fans being ducted directly to the outside). Air was drawn into the intensive care room from 
all doors. 
The air flow within the viewing area was dominated by strong jets into the room from the 
ceiling supply duct which had angled diffusers to direct air across the ceiling towards the 
corridor door and the opposite window. As a result air moved out of the door (when fully 
open) and into the corridor. The air flow was near to the top of the door but allowed re-
entrainment near to the floor. Opening the door from the viewing area to the intensive care 
room resulted in air moving into the viewing area near to the top of the opening. 
The pressure in airlock C was small (design +8 Pa) and the air was found to flow into it from 
the unit and theatre corridors. The flow in the airlock was similar to that in the viewing area 
and was very turbulent with the likelihood of producing re-entrainment at floor level. 
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7.6.2 Air temperature and relative humidity distribution 
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Figure 7.5 Measurement positions of temperature and humidity within the bums unit. 
Air temperature and humidity measurements were made within the unit (Fig. 7.5) at three 
heights; 200 rom from the floor, midway between the floor and the ceiling and 200 mm from 
the ceiling. From Fig. 7.6, the measured temperature variation within the unit was 22-28 °C 
(nominal design parameters between 21-25 oC). The measured values of relative humidity 
ranged between 32 and 48 %. Within the supply/extract ventilated rooms which had 




















2 3 4 5 6 7 
Po.ition in Unit 
Figure 7.6 Variation in temperature and % rh within bums unit. 
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7.6.3 Nitrous oxide and potassium iodide tracer measurements 
Tracer was released into the unit corridor outside airlock A, position Tl (Fig. 7.7) at a height 
of 200 nun above floor level, and measured at positions S I-S8 within the unit at three 
heights, 200 nun from the floor, midway between the floor and the ceiling and 200 mm from 
the ceiling. Both tracers were released for 5 minutes, nitrous oxide at a rate of 5 lImin and 
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potassium iodide at a rate of 3 x 107 particles/min. Air was sampled from the start of the 
release of tracer and carried on for a further 5 minutes after the released was stopped. 
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Figure 7.7 Tracer (T) release and sample (S) positions within the bums unit. Tracer was released -200 
nun from floor level. Air was sampled 200 mm from floor level, midway and 200 mm from the ceiling. 
When tracer was released from position T 1, to represent potential movement of 
contamination from the hospital ward from this main entrance to the unit, the greatest 
concentrations of tracer v.ere found along the corridor towards S4 (airlock C), positions S 1-
S4 (Tables 7.1 - 7.3). In the intensive care room the higher concentrations of tracer were 
measured near to the door leading to the corridor (S5), indicating movement of air into this 
room from the corridor. The concentration of tracer measured at the other sample positions 
within the intensive care room and dressing room were orders of magnitude lower. 
Potassium iodide tracer was measured in the viewing area but nitrous oxide gas was not 
detected. 
Unit potassium iodide (count/m3) nitrous oxide 
position (ppm) 
% disc covered est. count Test 1 Test 2 
1 50% » 31250 16 77 
2 100% » 62500 72 29 
3 50% » 31250 101 51 
4 30% » 20833 95 54 
5 50% » 31250 43 33 
6 372 0 0 
7 398 27 30 
8 5394 23 27 
Table 7.1 ConcentratIOn of KI partIcles and N20 gas In au sampled at floor level from different 
positions within the unit when released from position Tl. 
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Unit potassium iodide (count/m3) nitrous oxide 
position (ppm) 
% disc covered est. count Test 1 Test 2 
1 100% » 62500 132 93 
2 100 % » 62500 76 48 
3 60% » 37500 98 51 
4 20% » 12500 93 50 
5 8614 5 5 
6 218 0 0 
7 247 29 46 
8 3221 14 2 
Ta~l~ 7.2 . C~ncentrat~on of KI particles and N20 gas In air sampled at mid height from different 
posItions wlthm the umt when released from position Tl. 
Unit potassium iodide (count/m3) nitrous oxide 
position (ppm) 
0/0 disc covered est. count Test 1 Test 2 
1 100 % » 62500 101 81 
2 100 % » 62500 76 49 
3 60% » 37500 113 
4 9353 0 50 
5 1014 6 0 
6 169 0 0 
7 847 33 0 
8 629 2 0 
Table 7.3 ConcentratIOn of KI particles and N20 gas in air sampled at ceiling level from different 
positions within the unit when released from position Tl. 
Little potassium iodide tracer was measured outside the intensive care room when released 
from within it (T3) and no nitrous oxide tracer was sampled (Table 7.4) indicating good 
isolation of this room from the rest of the unit. When tracer was sampled within the viewing 
area; both nitrous oxide and potassium iodide were found. Opening and shutting the viewing 
areafmtensive care room door increased the concentration of potassium iodide measured 
within the viewing area by two orders of magnitude. 
Sample position KI Gas 
S3 . (across corridor door, no disturbance) 39 0 
Blank 44 
S7 (across dressing room door, no disturbance) 12 0 
Blank 9 
S6 (across viewing area door, no disturbance) 25 2.4 
S6 (across viewing area door whilst walking into and out of the 2272 
rooml 
Blank 80 
Table 7.4 Concentration of KI particles and N20 In au sampled outside the room near the comdor door 
(S3), the dressing room door (S7) and in the viewing area (S6) when released from position T3. 
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When tracer was released outside the intensive care room near to the corridor door and the 
dressing room door (Table 7.S) there was considerable movement of tracer into the intensive 
care room. 
Sample position KI 
SS (across corridor door) 8614 
S 8 (across dressing room door) 3221 
Tabl~ 7.5 Concentration of KI particles m air sampled inside the room near the corridor door (S5), the 
dressmg room door (S8) and in the viewing area (S9) when released from position T4 and T5. 
7.6.4 Particle counts 
Particle counts were made to help in monitoring tracer movement following the release of 
potassium iodide tracer particles. Potassium iodide tracer particles were released 200 mm 
above floor level from position T 1 and sampled midway between floor and ceiling at position 
T2 and vice versa. Total particle counts were made at the same time. From Tables 7.6 and 
7.7 it would seem that the size of potassium iodide particles sampled from the air are less than 
7 Jlm. However, this count may be low due to errors in counting potassium iodide crystals 
using an optical particle counter (Wake, 1985). 
source sample KI source counts of particles (size range Jlm)/m3 KI sampled 
0.3-0.5 0.5-1.0 1.0-5.0 5 - 10 10 - 25 >25.0 
Tl T2 7.80E+07 4803276 802318 340629 852 714 120 12800 
Blank 3611488 467905 63392 749 682 88 475 
T2 Tl 6.20E+08 2910014 1541353 1691958 1933 1912 399 62500 
1.60E+08 2903537 1011694 387784 1951 1191 205 16342 
0 
7.80E+07 2977049 735053 292071 1028 700 110 14329 
Blank 1163127 685698 135014 1590 1481 322 411 
Table 7.6 Concentration of particles and KI in air sampled at midheight position T2 when KI released 
from Tl (and vice versa). 
source sample KI released counts of particles (size range Jlm)/m3 KI sampled 
0.3-0.5 0.5-1.0 1.0-5.0 5 - 10 10 - 25 >25.0 
Tl T2 7.80E+07 1191788 334413 277237 103 32 32 12325 
T2 Tl 6.20E+08 1746887 855655 1556944 343 431 77 62089 
1.60E+08 1740410 9431242 252770 361 -290 -117 15931 
7.80E+07 1813922 49355 157057 -562 -781 -212 13918 
.. 
Table 7.7 Concentration of particles and KI in air sampled at mldhelght posItion T2 when KI released 
from Tl, adjusted for background (and vice versa). 
Airborne particles were also counted to provide an indication of the number of potential 
airborne contaminants in the unit and ward. Particles can originate from surfaces, people and 
manipulations and those >S Jlm equivalent diameter may potentially carry micro-organisms. 
Of most interest are those particles up to 10 f.lm which may be suspended in the air for long 
periods until they either impinge on surfaces, are inhaled or are vented and of which only a 




Counts were made at several sites around the unit and ward at a height - midway between 
floor and ceiling with the sampling head facing upwards. The counts of particles >5 J.lm were 
generally higher in areas where there was most personnel movement, i.e. the progressive care 
rooms and airlock A (Fig. 7.8). In the corridor and rooms leading from it, and with fewer 
people present, the number of particles >5 J.lm was less. However the number of particles <5 
J-lm measured in the viewing area and intensive care room was higher than many places with 
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There was very little change in particle size with height, for example when sampled in airlock 
A and C, suggesting the air is turbulently mixed. There was a greater number of particles 
sampled in airlock A compared with airlock C, which is not surprising considering airlock A 
was in constant use and airlock C was not. 
7.6.5 Airborne bacteria 
Airborne bacterial counts were made (3 samples) at several places simultaneously with the 
particle counts in section 7.3.4. Air was sampled for 5 minutes at 175 lImin. The numbers of 
colony forming units (CFU) recovered (Table 7.8) were several orders of magnitude less than 

















S3 S5 S7 SID Airlock A 3 bedded room Nunes Station 
Figure 7.9 Comparison of bacterial counts and total particle counts at various places in the unit and 
ward 
Sta.pk~\oc.occuS t:lU~US 
Small numbers o~s.aureus were recovered. These organisms were not from the operator as 
that person was screened negative but they may have come from another person or persons 
within the area. 
The lowest number of CFU s were found in the intensive care and dressing rooms. The 
largest number of CFU s were recovered from the corridor. 
Position in intensive care room micrococci ASB S.aureus Fungi Total CFU/m3 
3 Yes Scanty 31 
Yes 23 
Yes 1 22 
5 Yes 21 
Yes Scanty 14 
Yes 14 
Position in Unit 
In corridor Yes Scanty 142 
Yes Scanty 1 175 
Yes Scanty 165 
In dressing room Yes 19 
Yes Scanty 17 
Yes 8 
In airlock A Yes Scanty 1 109 
Yes 3 93 
In 3 bedded room Yes Scanty 104 
Yes 2 102 
By nurses station Yes 1 89 
Yes 67 




7.7 Results and discussion of the physical measurements made in the intensive 
care room and viewing area 
7.7.1 Ventilation and air flows (as visualised with smoke) 




Supply Supply Mag. DeV DeV Room Room Make-
T %RH Extract Extract U Air 
20.0oe 40- l.310 0.533 0.624 
500/0 
Design .to.ooe 40- 1.940 0.534 0.624 
500/0 
Minimum 20.50 C 43.0% 0.35 
Normal 33 .0oe 39.00/0 0 .42 
Maximum 4l.0oe 39.5% 0.52 
e exit velocity: 0 velocity measured near grill in canopy 
Data not measured 
Table 7.9 Air supplies and ex1racts (m3/s) in the intensive care room. 
The ventilation, size and construction of the intensive care room determined the air flow 
pattern within the room. All of the room extracts were at ceiling level. The DeV extracts 
surrounding the canopy were designed to promote a flow of air out from beneath the canopy 
circulating back to the ceiling (it was found that the extract duct on the long side of the 
canopy near the corridor and viewing area was partially blocked and had negligible airflow 
through it). The room extracts, also in the ceiling, drew air out from the room thereby 
providing total room ventilation. In effect, all the air in the room flowed up towards the 
ceiling apart from that directly beneath the canopy. 
The most dominant 'rogue' air flows within the intensive care room were the draughts into 
the room. These appeared to come from any opening. The most dominant were from 
beneath the door to the viewing area, the air moving vigorously underneath the bed and 
bouncing off the back wall . Draughts from under the other doors into the room and also, to a 
lesser extent, from around the doors themselves were also notable. 
The room was designed to have a negative pressure with respect to the corridor, viewing area 
and the dressing room. This would create passive make-up movement of 
air from the surrounding rooms into the intensive care room. The doors were designed to be 
"leaky" around the frames. However the way in which the air moved into the room was not 
ideal considering the small size and the position of the canopy ventilation and viewing area. 
In a large operating theatre such draughts may not be a problem as they can diffuse rapidly 
into the room air. However, in the intensive care room the close proximity of the walls, 
canopy and bed resulted in rapid, turbulent and disturbed air which did not diffuse before 





The movement of air over the bed (bed surface O.9m from floor level) showed a distinctive 
pattern (plate 7.1). Fitting an extended Perspex sheet to the head end of the bed helped to 
prevent the air bouncing off the wall and being re-entrained into the downt1owing air from the 
canopy. This was effective and the air was forced downwards over the whole of the head 
region of the bed; it then moved outwards from the bed sides and circulated upwards (plate 
7.2) influenced by the extracts around the canopy edge and the room. 
Plate 7.1 Smoke movement over patient Plate 7.2 Air/smoke flow from under the uev. 
lying on a Low Air Loss Bed (LALB). 
This airflow pattern was not so distinct towards the foot of the bed. There was a general 
movement of air from the head to the foot end (plate 7.3) and air flowing downwards from 
the canopy did not reach the bed surface but was lifted out towards the Dev and room 
extracts. The bed surface at the foot end was thus 'flushed' with air blown onto the head end, 
albeit this was still "clean". This appeared to follow the underlying movement of air within 
the intensive care room (viz. towards the room extracts, moving from around the back of the 
bed past the corridor wall and foot of the bed, possibly as a result of the dominant draught 
from under the viewing area door causing recirculation, and on the window side moving into 
the window alcoves and up towards the ceiling extracts). 
Plate 7.3 Movement of air/smoke from head to foot end of the bed. 
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7.7.2 Velocity measurements beneath the UCV 
0.80 T Ventilationtr emperature 
x 
0.70 
-x- Maximum (Quad 3) 
0.60 
-.- Nonnal (Quad 3) 
0.50 -- Minimum (Quad 3) 
"""' 
'" e 0.40 
-- Mean Under Canopy (Nonnal) 
'-' 







1.995 1.45 0.9 
Height Above Finished Floor Level (m) 
Figure 7.10 Change in mean downflow velocity with height beneath UCV canopy, and variation in 
downflow velocity beneath UCV (quadrant 3) with changing supply flow rate and temperature. 
The mean measured downflow velocity, at normal supply temperature and velocity, near the 
supply diffuser was 0.56m1s which fell to 0.42m1s at the canopy exit, (Fig. 7.10). However 
the speed of the air flowing over the bed surface was very low < O.lm1s (unmeasurable with 
the rotating vane anemometer). 
With the DeV ventilation on maximum, normal and minimum (measured beneath quadrant 3, 
Fig. 7.4) the air left the canopy with large differences in exit velocity. However beneath the 
canopy towards the bed, the maximum and normal measured downflow velocities were 
similar and at the bed surface the maximum ventilation had the lowest mean average velocity; 
air was actually measured rising from the bed surface. This could have been because more air 
was drawn out of the canopy so less reached the bed or that air was bouncing off the bed. 
Most probably it was the increased temperature of the air at maximum ventilation causing 
greater buoyancy and forcing air back up towards the canopy. With the DeV ventilation on 
minimum, there was less stratification of velocity with height, and above the bed surface there 
was a measurable velocity (average 0.19 mls). 
7.7.3 Air temperature and relative humidity 
In the intensive care room, under working conditions but without people in the room, the 






Figure 7.11 Plan view of intensive care room showing the measurement positions for temperature and 
humidity at three heights: 200 mm from the floor, midway between the floor and the ceiling, 200 mm 
from the ceiling. 
The temperature was measured at several positions within the intensive care room (Fig. 7.11) 
at three heights~ 200 mm from the floor, midway between the floor and the ceiling, and 200 
mm from the ceiling. In the areas outside the canopy a temperature stratification was found, 
the colder areas being close to the floor as would be expected (Fig. 7.12). Temperatures 
ranged from ~32 0C (40 %rh) at ceiling height to ~30 0C (35 %rh) midway and to ~25 °C 
(28 %rh) at floor level. The stratification in air temperature was undoubtedly a result of the 
movement of air through the doors and other openings which were at a lower temperature 
than the room supply, ~21-25 oC, and cooled the air nearer to the floor. Heat loss through 
the walls, ceiling and floors also had an effect but perhaps not as great as that due to the 
forced ventilation. The temperature stratification would make the air more buoyant in the 

























The DCV supply ventilation rates and supply temperatures could be altered in order to 
control the environment below the canopy and over the bed. The values were discussed in 
section 7.4.2. Changing the ventilation rates of the DCV had a substantial effect on the 
average temperatures within the room at ceiling and midway heights which reflected the 
temperature of the UCV supply and the buoyancy effect of the air. The average temperature 
near to the floor was unaltered with uev ventilation at maximum and normal and was 
dominated by the draughts entering the room. With the ventilation on minimum there was no 
obvious temperature stratification and the temperature was near to that of the draughts 
coming into the room. 
Under nonnal operating conditions, the temperature/humidity stratification under the canopy 
(Fig. 7.13) was not so marked as in the room and the temperatures remained -33 0e (36 % 
rh). Temperatures over the bed surface ranged from 31.1 0e to 32.4 oe (-32.5 % rh). The 
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Figure 7.13 Mean temperature and % rh beneath the uev. 
--Temperature 
-+-%RH 
32.0 31.0 30.0 
Changing the ventilation of the UCV had a greater effect on the temperature stratification 
(Fig. 7.14). At the minimum level the temperature did not change significantly, there being 
only a slight elevation near to the floor. This was likely to be due to the influence of the 
temperature of the draughts coming into the room and the higher exhaust temperature being 
discharged from beneath the LALB when switched on. 
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I Doors ~ Windows 
Layout 1 Tracer release (T) and sample (S) positions within the intensive care room. Tracer was 
released 200mm from floor level. Air was sampled on the bed surface at the foot end (SI), the middle 
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40 38 36 34 32 30 28 26 24 22 20 
Temperature (celsius) 
Figure 7.14 Variation of temperature with height beneath the uev with changing supply ventilation 
and temperature (measured under quadrant 3). 
7.7.4 Nitrous oxide and potassium iodide tracers measurements 
Room Test Sample Point on Surface of Low Air Loss Bed (LALB) 
( LO.!:louJ-l) 
position Foot End (SI) Centre (S2) Head End (S3) 
Tl Normal 578 0 0 
During Disturbance 5072 4911 3784 
T2 Normal 33 1 0 
During Disturbance 6762 10304 924 
T3 Normal 12 2 0 
During Disturbance 732 1399 1040 
T4 Normal 5 2 1 
During Disturbance 1566 2158 3273 
Table 7.10 The concentration of KI particles sampled at the bed surface (KIIm3 sampled air) with and 
without disturbance, due to the movement of a person into and out of the 'clean zone' near the centre of 
the bed. 
Potassium iodide (KI) tracer analysis suggested a weakness of protection against airborne 
contamination in the regions towards the foot end of the bed (Table 7.10) where the 
downward airflow was not as dominant as at the head of the bed. With release ofK! particles 
within the room at four different positions, little was sampled at the middle and head regions 
of the bed but considerable quantities were found at the foot end. This appeared to be greater 
when the tracer was released in the position Tl (Fig. 6.7) near to the dressing room door. 
When the 'clean zone' was disturbed by walking into and out of it (near the centre of the 
bed), the number of potassium iodide particles measured was several orders of magnitude 
greater than without disturbance. This demonstrated how particles could be drawn in beneath 
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the canopy within the human boundruy layer over the bed surface (which was observed using 
smoke). 
Room Test Sample Point on Surface of Low Air Loss Bed (LALB) 
(~9uH) 
~osition Foot End (SI) Centre (S2) Head End (S3) 
Tl Normal 16423 210 0 
Table 7.11 Effect of remov1Og restnctlOn 10 one of the DCV extracts on the concentration of KI particle 
sampled on at bed surface/m3 of sampled air. 
The obstructed uev extract was unblocked so that the ventilation operated as planned and 
the tracer tests were repeated (Table 7.11). On this occasion the system was worse, 
potassium iodide particles being recovered not only at the foot end of the bed but also in the 
middle as well with no disturbances. 
7.7.5 Particle counts 
The number of particles measured at various points within the intensive care room did not 
differ greatly from those measured around the unit and ward (Fig. 7.15). This was not 
entirely surprising considering the movement of air into the unit from the ward and then into 
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Figure 7.16 Particle size distribution sampled at various points in the intensive care room and under 
differing conditions. 
It was apparent that the position of the particle sampler head had an effect on the number of 
particles measured. F or experimental standardisation purposes, all particle measurements 
around the ward and unit were made with the sampler facing the ceiling ~0.6m from the floor 
(unless otherwise specified). Within the intensive care room, at positions T3 and T4 the 
largest number of particles measured was in the range 5-10 J.!m. 
Measurements made in the intensive care room near to floor level moving progressively into 
the 'clean zone' towards the top of the bed (middle of side nearest windows) showed a 
decreasing number of particles (none being measured under the canopy 200 mm above the 
edge of the bed (Fig. 7.16). There were no particles of size greater than 5 ~m measured at th,e 
centre of the bed. However during a disturbance of the clean zone by people walking around 
the canopy edge, a sma]] number were measured which increased as people walked into and 
out of the 'clean zone'. 
Beneath the canopy, in the 'clean zone', the air above the bed surface was free from particles. 
As particles >5 J.!m may be bacteria carrying (Noble et aI., 1963), then the absence of particles 
sampled above the bed surface satisfied the bacteriological requirement of no more than 1 
bacteria carrying particle (bcp) per m3 under the canopy in ultra clean operating theatres. 
However, around the edge of the bed (up to the top edge) contamination was found which 
may have arisen from the high number of particles measured within the room. Also, the 




7.7.6 Start-up conditions under the UCV 
The uev was left on standby when the intensive care room was not in use. This maintained a 
clean environment beneath the canopy with no people in the room, no particles > 5 J..lm being 
measured. When the supply ventilation was increased to normal operating conditions, the 
number of particles < 5 J..lm measured at the bed surface in the middle increased to a peak 
after approximately 350 seconds (Fig. 7.17). This may have been due to particles being 
released from the surface of the HEP A filter as a result of the increased flow rate of air 
through it, possible leakage of air passed the filter seals or particles on the bed being 
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Figure 7.17 Change in particle counts at the bed surface, in the middle (S2), with time during 
ventilation start -up from standby to normal. 
The temperature beneath the canopy (measured next to the mesh, quadrant 3) stabilised 
reasonably quickly as the supply ventilation was increased to normal operating conditions 
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Figure 7.18 Change in temperature with time beneath UCV (quadrant 3) during ventilation start up 
from standby to normal. 
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The decay of tracer gas at the middle of the bed surface (Fig. 7.19) indicated the clearance 
rate of air from the "clean" zone of the DeV. Even allowing for recirculation of the gas 
through the DeV systell\ the clearance was of the order of3 minutes. 
120.00 
100.00 
i IS 80.00 
Loo 
2 







o \00 200 300 400 
Time (seconds) 
500 600 700 800 
Figure 7.19 Change in N~O gas tracer measured at the bed surface, in the middle (S2), with time (gas 
released into UCV extract). 
7.8 Conclusions from using physical measurements 
7.8.1 Burns unit 
The pressures and airflows measured within the burns unit differed from the design 
specifications because of: 
changed plant/control operation and settings 
• changed operational procedures (viz. open doors etc.) 
• There was effective isolation of the hospital ward from the intensive care room (flow 
visualisation, gas/particle tracers support this) and potential contaminants did not 
move from the intensive care room to the hospital ward. 
• There was no effective isolation of the intensive care room from the hospital ward 
(flow visualisation, gas/particle tracers again support this) and potential 
contamination could move into the intensive care room from the hospital ward. 
7.8.2 Intensive care room 
• Although measured pressures were similar to the design specifications, the "leaky 
door" design principle (small areas causing high speed jets) produced draughts which 
could potentially introduce contamination around the patient. 
• There was negligible air flow near to the bed surface at maximum and normal 
ventilation settings 
• Buoyancy effects on the air of the DeV system were apparent. 
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7.8.3 Entrainment of contamination from staff etc. onto the bed surface in the 
intensive care room 
7 .8.3.1 No movement of people in the room 
• There was little entrainment of contamination over the bed surface at the middle and 
head end but more contamination was found towards the foot end. 
• The draughts and airflow weaknesses at the foot of the bed were sources of 
contamination at the bed surface which could be enhanced by environmental 
disturbance around the canopy, and by air recirculation/movement within the room. 
7.8.3.2 People present and moving within room 
• The DeV system appeared to be robust when the movement of people in the room 
was confined to outside the canopy periphery. However, movement in and out of the 
clean zone' allowed contamination to be drawn over the bed surface. 
7.9 Results and discussion of air flow simulations within the intensive care 
room using computational fluid dynamics (CFD) based on physical measurements 
and design data 
7.9.1 3 dimensional problem set-up using measured data 
The computational fluid dynamic software (Flovent, Flomerics Ltd.) was not developed for 
the simulation of airflows within multiple ventilated zones. As the bums unit had a number of 
zones (viz. operating theatre, intensive care room, dressing room and airlocks) it was not 
assessed as a whole. Instead, attention was focussed on the intensive care room as this was 
where the patient would be considered to be at most risk from cross infection for the same 
reasons most of the physical measurements were made in this room. 
The intensive care room was represented as a three dimensional model (Fig. 7.20) over which 
a solution grid was laid simple enough to limit calculation time but complex and refined 
enough to represent important ventilation points and obstructions (Fig. 7.21). The measured 
data at normal ventilation settings were used (viz. 33 °e supply temperature, 0.56 mls supply 
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Figure 7.21 End view xy (top), p1an view xz (midd1e) and side view yz (bottom) of intensive care room 
showing CFD solution grid 
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The Dey supply, subdivided into quadrants, with two DeV extracts on each side of the 
canopy were detailed to accurately represent the measured data over these areas. The 
draughts beneath the doors were specified as supplies with a fixed mass flow rate using the 
measured data and not simply as openings because the pressure difference varied at each 
opening and were difficult to estimate. However, there was a small mass imbalance in the 
room which had to be allowed for by specifying some openings into the domain. From the 
physical measurements there were numerous draughts into the room (through drawers and 
cupboards) which were difficult to estimate. Instead, openings were specified around the 
vertical sides and tops of the doors; the passive air flow around these would be expected to 
be less than that specified underneath the doors. 
Heat losses from the domain through the boundary walls and windows were calculated by the 
software program using measurements of the external wall temperatures from the Raytek 
infra - red device or near wall temperatures using the platinum resistance thermometer. 
The air flows that were observed within the solution domain using physical measurements 
were turbulent and for accurate simulation a turbulence intensity was expressed as a multiple 
of the laminar viscosity, calculated from the characteristic velocity and length of the Dev 
supply ventilation. 
Each simulation was run as steady state, i.e. until an equilibrium within the room was reached, 
and the solution time was between two and three days on a pe 486, 66 MHz processor. 
7.9.2 "Visualisation" of airflows 
Once the simulation was complete it was possible to view the air flows within the room as 
vectors (showing magnitude and direction), from any angle and any plane. It was clear from 
these views how dominant were the air flows into the intensive care room, moving from 
beneath the viewing area door into the room, under the bed, around the back wall and past 
the foot of the bed and viewing area towards the room extracts. It was also clear how the 
draughts from beneath the doors influenced the flows near to the floor (Fig. 7.22), and how 
the air flows from the simulated openings around the doors disturbed the air flow near to the 
foot end of the bed (Fig. 7.23). Near to the ceiling the air flows were influenced by the Dev 
and the room extracts (Fig. 7.24). 
The air flow beneath the canopy and its movement over the bed showed the air moving down 
towards the bed and being lifted outwards and upwards towards the Dey extracts (Fig. 
7.25), the net surplus of air being pulled into the room. The air flow over the bed moved 
from the head to the foot end, the fitment of the screen at the head end influenced this 
movement (Fig. 7.26). At the foot end of the bed, air flowing downwards was entrained in 
the horizontal flow and did not reach the bed surface but was pulled outwards and upwards. 
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Figure 7.22 Airflow vectors in the xz plane near to floor level in the intensive care room. 
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Title: Burns Intens ive Therapy ROOM (as Meas ured) 
Figure 7.24 Airflow vectors in the xz plane near to the ceiling in the intensive care room. 
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Title: Burns Intensive Therapy ROOM (as Measured) 
Figure 7.25 Airflow vectors in the xy plane centreline of the Uey. 
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Figure 7,26 Airflow vectors in the yz plane centreline of the uev, 
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Chapter 7 
The area at the foot end of the bed was thus ventilated by air flowing from the canopy at the 
head end. 
7.9.3 Velocity data below UCV 
There was no loss in Y velocity or speed over the distance between the supply diffuser and 
the edge of the canopy (Fig. 7.27). Between the canopy and the bed surface there was a 
substantial drop in Y velocity and speed and the Y velocity calculated near to the bed surface 
was < 0.1 mls. There was a disparity between the Y velocity values and speed values 
calculated beneath the canopy due to the change in air flow direction from vertical component 
(Y) to the horizontal components (X and Z). This was further shown when only those values 
over the bed area were used which showed a vertical component < 0.05 mls and a speed of 
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Figure 7.28 Mean y velocity and speed profiles with height beneath the uev over the bed area only. 
7.9.4 Air temperature distribution 
The distribution of air temperature within the room (Fig. 7.29) represented those positions 
used to make the physical measurements (Fig. 7.11). There was an obvious stratification with 
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height from 30°C near the ceiling to 21 °c near to the floor. However, the temperature 
increased to 33°C in the regions near to the corridor wall and near the windows. This 
probably reflected the movement of air from the canopy and the limited solution grid 
refinement near to the ceiling, which was at a lower temperature. 
The temperature of the air calculated on the corridor side of the UCV was higher than the 
window side by approximately 2°C. This reflected the air movement visualised and the effect 
of the colder draughts entering the room. This was most marked by the values calculated 
near to the viewing area door and the dressing room door which were around 6 °c at mid 
height less than the air temperature on the window side of the DCV. In these regions the 
draughts at only 20°C would seem to be having a substantial effect on the room air 
temperature. 
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Figure 7.29 Air temperature distribution within the intensive care room. (see F'9.1.II). 
7.9.5 Air temperature data below UCV 
There was little change in air temperature with height beneath the DCV canopy area or the 
area over the bed (falling by < 1°C). 
7.9.6 Distribution of a contaminant 
In order to represent the movement of potential contaminantion into and within the room 
from the rest of the Unit and to estimate the effectiveness of the UCV to prevent 
contamination of the bed surface, a massless contaminant source (1 k&:ootaminan!kgair) was 
introduced into the airflows beneath the doors. This source could be distributed with the air 
only and not be affected by gravity, its diffusion would be that of a gas in air. 
The simulation showed that the contaminant became well mixed at steady state within the 
room and the UCV effectively prevented the distribution or diffusion of the contaminant over 
most of the bed surface. However, the contaminant encroached beneath the canopy at the 
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Chapter 7 
edges and near to the foot end of the bed (Fig. 7.30). From the profile from head to foot end 
over the centre of the bed it was clear that there was contaminant over the foot end of the bed 
and under both edges of the canopy (Fig. 7.31). 
Distance rrom viewing area to oppo5lte wall (m) 
2.10 2.30 2.50 2.70 290 3.10 3.30 3.50 3.70 3.90 4.10 4 .30 4.50 4.70 4.90 




~ I .OOE·06 
~ 1.00E·07 . j 1.00E·08 
1.00E·09 
1.00E·IO 
1.00E· I I 
canopy 
bed 
Figure 7.31 Tracer concentration profile along the centreline of the bed surface from the head to the 
foot end when released in the airflows beneath the intensive care room doors. 
7.9.7 Simulation using design data 
The simulation was repeated at the nonnally used supply temperature of 33 0C but the 
velocity was interpolated from the design specifications at the minimum and maximum 
settings; 20 oC, 0.38 mls and 40 oC, 0.51 mls (Table 7.12). The design criteria was to 
specify 'leaky' doors in order to allow passive room "make-up" air to pass. This was 0.03 
m
3/s to pass around the corridor door, 0.06 m3/s to pass around the viewing area door and 
none to pass around the dressing room door when the two room pressures were balanced. In 
order to simulate thjs the air was specified as a fixed mass flow and distributed equally to 
enter through small gaps around the relevant doors. 
Supply Supply Supply Supply* DeV DeV Room Room Make-
Status Tern.£.. %RH Vel. (m/s) Su.P.Q!y Extract Surplus Extract DpAir 
Design 20.00e 40- 0.38 1.843 1.310 0.533 0.624 0.091 
50% 
Design* 33 .00e 40- 0.47 2.280 1.747 0.533 0.624 0.091 
50% 
Design 40.00e 40- 0.51 2.474 1.940 0.534 0.624 0.091 
50% 
Table 7.12 Design air supplies and extracts (rn3 Is) m the mtenslve care room. * These data are 
interpolated from the recommended figures at supply temperatures of 200 e and 40°C. They also allow 
for leaky doors by design which are 0.03 m3/s of air flowing through the corridor door, 0.06 m3/s of air 
flowing through the viewing area door and none across the dressing room door. 
The simulation when completed 'visually' showed very similar results to the simulation using 
the measured data. There was still the obvious effect of the draughts from around the 
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periphery of the doors which had a profound effect on the general circulation of air within the 
room and the disturbance of air flow at the foot end of the bed. 
7.10 Conclusions from CFD simulations 
• The draughts into the intensive care room dominated the air flows near to the floor 
and the ceiling mounted extracts which affected the general air movement. This was 
similar both basing the model on the physical measurements and on the design data. 
• There was negligible downflow of air near to the bed surface 
• Air flowed from the head end of the bed to the foot end 
• Buoyancy effects were apparent 
• There were turbulent regions near to the foot end of the bed near to the viewing area 
• A massless contaminant source, seeded into draughts from beneath the boundary 
doors was mixed within the room air and encroached beneath the canopy and the 
over the foot end of the bed. There was none at the middle and head end of the bed. 
7 .11 Use of CFD and physical measurements for analysing design changes 
7.11.1 Problems identified within intensive care room affecting contamination 
control performance 
• The circulation of air was not ideal due to: 
1. make-up air and draughts 
2. position of ventilation supplies and extracts 
3. buoyancy of supply air 
• Limited effectiveness of the air flow pattern beneath the UCV canopy to prevent 
entrainment of contamination from the room 
7.11.2 Proposed design changes 
• Alter the room ventilation supply and extract positions 
• Diffuse the draughts into the intensive care room 
• Move the viewing area door to the side wall of the viewing area 
• Extend the UCV canopy nearer to the floor 
7.11.3 Effect of room ventilation supply and extracts on UCV performance (2 
dimensional CFD simulations) 
7.11.3.1 Simulation set up 
In order to simulate the effect of changing the supply temperature, velocity and subsequently 
the effect of the position of the supply and extracts on the performance of the UCV, a 
simplified 2 dimensional simulation was set up. This used the essential ventilation 
characteristics of the intensive care room identified from the physical measurements, design 
data and the more complex 3 - dimensional CFD simulation. It was apparent from these 
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measurements and data that the higher than ambient supply temperatures and the cooler 
draughts at floor level resulted in a temperature stratification within the room giving buoyant 
lift of the air under the canopy and in the room itself At lower supply temperatures (i.e. 
minimum settings) there was no temperature stratification and no buoyant effects. In addition 
the effect of high level extracts was seen to enhance the lift of air flows toward the ceiling. 
All this was to limit the air flowing down toward the bed surface and to increase the potential 
of contamination of the bed surface from the room air. 
The 2 - dimensional solution domain was a vertical cross section (end on) of the UCV supply 
/ extracts and the bed. The simulations were with open boundaries at each side (Fig. 7.32) 
and then with solid boundaries but with openings and extracts at either high or level in these 
walls (Fig. 7.33). The supply temperature and velocity was either 20°C, 0.38 mls (minimum 
setting) or 40°C, 0.51 mls (maximum setting). The solution grid shown in Figure 7.34 was 
laid over the domain and the turbulence model selected was a multiple of the laminar viscosity 
based on the supply ventilation rate. There was no heat loss from the solid boundaries, but 
the ambient temperature at the openings and extracts was 20 oC. 
In order to simulate the spread of a contaminant species within the domain, this was specified 
as a planar source of 1 kgcontaminant / kgair at the openings to the domain. 
7.11.3.2 Change in UCV performance with supply velocity / temperature 
(open boundaries) 
At the supply temperature of 20 oC and velocity 0.38 mls there was no temperature 
stratification in the room, the whole domain was at 20 oC. At the higher supply temperature 
of 40 oC and velocity of 0.51 mls there was a 15 oC difference between the air near to the 
ceiling (35 OC) and the air near to the floor (20 0C). At the minimum setting the air flowed 
downwards from the canopy over the bed and to the floor (Fig. 7.35). There was sideways 
movement from the bed surface outward into the room, across the floor and then up to the 
ceiling mounted extracts. There was negligible distribution of contamination in the domain 
beneath the canopy and as a profile across the bed surface (Fig. 7.38). 
At the maximum used settings the air flowed down from the canopy but barely reached the 
bed surface (Fig. 7.3 7) and the vector values were for air flowing upwards from the bed 
surface. This was the same for the whole domain where the air was flowing towards the 
ceiling and the recirculation of air into the ceiling extracts was vel)' close to the ceiling (Fig. 
7.36). The contaminant species was well mixed within the room and the concentration over 
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Figure 7.34 Solution grid over 2 D domain . 
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Figure 7.35 2 D simulation of airflows from the uev canopy at a supply temperature 200 e and velocity 
0.38 mls. Open boundary walls and ambient 20°C. 
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Figure 7.36 2 D simulation of airflows from the uev canopy at a supply temperature 400 e and velocity 
0.51 mls. Open boundary walls and ambient 20°C. 
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Figure 7.38 Effect of supply temperature on tracer concentration in the xz plane near to the bed surface 
(when released from the open boundaries in the walls). Ambient 20 °e. 
7.11.3.3 Change in UCV performance with supply velocity / temperature 
(high and low level extracts and open boundaries) 
At the minimum used settings, whatever the position of the extract and the openings, there 
was no temperature stratification within the room as would be expected. With extracts at low 
level and openings at high level the air flowed over the bed surface and towards the floor, 
dominated by the low level extracts (Fig. 7.39). There were small air recirculation zones 
from beneath the canopy to the ceiling extracts which were also influenced by the high level 
openings. With the high level extracts and low level openings the air flow over the bed 
surface was visually unchanged but the airflows within the room were (Fig. 7.40). At floor 
level there were obvious air flows from the openings into the room but these diffused before 
reaching the bed. The air flowing out from the sides of the bed was pulled to the ceiling and 
dominated by the ceiling extracts and high wall extracts. Much of the air from the low 
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Figure 7.39 2 D simulation of airflows from the DCY canopy at a supply temperature of20DC and 
velocity 0.38 m1s. Low level e~1racts and high level openings on boundary walls. Ambient 20 DC . 
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Figure 7.40 2 D simulation of airflows from the DCY canopy at a supply temperature 20DC and velocity 
0.38 m1s. Low level openings and high level extracts on boundary walls. Ambient 20 DC. 
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Figure 7.-U 2 D simulation of airflows from the DeV canopy at a supply temperature 400 e and velocity 
0.51 mls. Low level openings and high level extracts on boundary walls. Ambient 20°C. 
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Figure 7.42 2 D simulation of airflows from the DeV canopy at a supply temperature 40°C and velocity 
0.51 mls. Low level ex1racts and high level openings on boundary walls. Ambient 20°C. 
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openings short circuited up the walls to the high level extracts. In either case there was 
negligible contaminant under the canopy. 
2.50 r----------------------------. 
-+-Open brundaries 
2.30 ---High levd cxtratts cllow levd openings 
-'-Low levd cxtratts cl high level openings 
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Figure 7A3 Effect of opening and extract position on 2 D Y velocity profiles with height in the middle 
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Figure 7.44 Effect of opening and extract position on 2 D concentration profiles across the bed, in a 
plane near to the surface, when released from the open boundaries at the walls. Supply temperature 40 
°C and ambient 20°C. 
At the maximum uev settings and with high level extracts and low level openings the results 
were similar to those with open boundaries (section 7.8.3.2). There was a temperature 
stratification in the room of 16 0e from 36 oe at the ceiling to 20 oe at floor level. There 
was air flowing upwards from the bed surface (Fig. 7.43) and little air flowed from the bed 
sides or beneath the bed (Fig. 7.41). There was also no effective isolation of the 'clean zone' 
beneath the canopy from contaminant source released at the low level openings (Fig. 7.44). 
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With the extract at low level and the openings at high level the temperature stratification 
within the room was reduced to 1 °e (40 °e at ceiling level and 39 0e at floor level). The 
airflow under the canopy and above the bed was much more definite, the air flowing over the 
bed surface, outwards and then pulled down towards the low level extracts (Fig. 7.42). 
There were definite recirculation patterns of air towards the ceiling DeV extracts and again 
little air movement beneath the bed. However, the cold air flowing from the high level 
openings immediately sank to the floor and short circuited towards the low level extract. The 
effect was that negligible contaminant was distributed under the canopy but followed the air 
from the opening straight to the low level extracts (Fig. 7.44). 
7.11.4 Drafts stopped by "brushes" fitted to drawers/cupboards/doors 
As ''visualised'' both by smoke and eFD, the draughts into the room were considerable. 
Gaps at the back of drawers and cupboards were sealed up, and the substantial draughts from 
beneath the doors were diffused by fitment of brushes. 
The reduction of this passive make up air into the room increased the negative pressure 
substantially to - -16 Pa (nearly three times the designed level). The pressure in the viewing 
area was also increased to - +6 Pa. There was still a reduced circulation of air around the 
floor of the room and it was considered this was due to the flow of air from the Dev and that 
being exhausted from beneath the LALB. The stratification of temperature within the room 
was not altered and the reduction in draughts did not appear to affect the velocity below the 
canopy. However, the temperature near to the bed surface was measured at 32 oe under 
quadrant 3. 
The number of potassium iodide particles measured at the surface of the bed was similar to 
that measured without the door brushes fitted and the DeV extract unblocked. The number 
measured in the middle of the bed was slightly increased and it was noticed by smoke 
movement that with the door brush fitted to the bottom of the viewing area door, the force of 
the draught around the sides of the door had increased at the height of the bed surface. 
7.11.5 Effect of diffusing air entry into room through doors (CFD) 
Using the eFD model, diffusers were fitted to the doors in order to reduce the velocity at 
which the draughts entered the room. At floor level, the dominant flows were eliminated and 
there was a much more defined flow at the foot end of the bed (Fig. 7.45 & 7.46). However 
the general room airflows at mid height and ceiling height were still dominated by the uev 
and room extracts. Seeding the air through the diffusers in the doors still resulted in 
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Figure 7.45 The effect of door diffusers on xz airflow vectors near to floor level in the intensive care room when released in the airflows beneath the do!rkO~lER1cs 
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Figure 7.47 The effect of door diffusers on xz concentration contours at midheight (near to bed surface height) in the intensive care room when released in the aiPlows 
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Chapter 7 
7.11.6 Effect of repositioning viewing area door (CFD) 
Using the CFD model, the viewing area door was moved from the original position around 
the comer to the side of the viewing area. It was assumed that the same airflow / draughts 
would be present from beneath the door as was observed at its original position. The 
dominant flows over the floor from the viewing area door where it was positioned were 
removed. However, the combined effect of the draughts from beneath the dressing room 
door and the repositioned viewing area door still resulted in considerable airflows over the 
floor and beneath the bed (Fig. 7.48). The effect of draughts from the corridor was not 
eliminated. 
7.11. 7 Canopy extended 
With the canopy as fitted, there was negligible airflow at the bed surface. To increase this the 
canopy was modified; a cardboard extension was fitted which brought the lower edge of the 
canopy to a height of 1.37 m from the floor thus lowering the exit point of airflow from the 
canopy nearer to the bed surface. 
At all ventilation settings, the measured airflow velocity beneath the canopy decreased little 
with height (Fig. 7.49). At normally used ventilation settings, the average velocity near to the 
bed surface was 0.39 mls with the extension fitted. 
At maximum ventilation rate and temperature, extension of the canopy resulted in a higher 
mean temperature of29 0C measured at floor level compared with a mean of25 °C with the 
canopy as normally fitted. At minimum and normally used ventilation rates, there was little 









1.995 1.45 0.9 
H eight Above Finished Floor Level (m) 
Ventilationfremperature 
--+-- Maximum (Canopy as fitted) 
-+-- Normal (Canopy as fitted) 
-- Minimum (Canopy as fitted) 
---ir- Maximum (Canopy extended) 
--<>-- Normal (Canopy extended) 
---ir- Minimum (Canopy extended) 
Figure 7.49 Variation in downward velocity beneath the uev, quadrant 3, with changing supply flow 
rate/temperature. 
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Figure 7.48 The effect of moving the viewing area door on xz airflow vectors near to floor level in the intensive care room. 
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Chapter 7 
Beneath the canopy the measured temperature was higher nearer to the bed surface with the 
canopy extended. Under nonnal operating conditions, the mean temperature near to the bed 
surface under quadrant 3 was -33 °C compared with -31 0C with the shorter canopy as 
nonna1ly fitted. 
Position of Sampler on Bed Surface (l-o.~ov.+ f) 
Foot of Bed (SI) Middle of Bed (S2) Head of Bed (S3) 
Extended Normal Extended Normal Extended Normal 
No disturbance 7 157 10 1.25 1 0.25 
Disturbance 92 3533 130 4693 35 2255 
Table 7.13 Effect of extendmg the canopy on the concentration of KI particles/m3 of air sampled at the 
bed the bed surface when released from within the intensive care room. 
The distribution of potassium iodide particles sampled over the bed surface under the 
extended canopy was more evenly spread (Table 7.13); the higher counts sampled at the foot 
of the bed under the shorter canopy were not evident. Movement of people in the room 
resulted in a small increase in the number of tracer particles sampled, but this was some 
orders of magnitude less than when the canopy was not extended. 
There was some evidence of re-entrainment at the canopy periphery (whether or not the 
canopy was extended) with potassium iodide being found at the bed surface with no people 
moving in the room. This was slightly more with the extended canopy, potassium iodide 
being found at the middle and head regions of the bed. This may have been a result of 
bringing the recirculation of air outside the canopy to a lower level. 
Using the 3 dimensional CFD model of the room, the canopy was extended to 1.37 m from 
floor level. The general airflow movement within the room and at the foot of the bed was 
unchanged from the nonnally fitted canopy (Fig. 7.50). However the airflow beneath the 
canopy was much altered, the supply exit point being pushed further towards the bed surface, 
increasing the velocity at this point (Figs. 7.51 & 7.52). This produced larger recirculations 
zones on both the window and corridor sides of the bed sweeping across the floor surface and 
then into the room. 
The distribution of a contaminant through the domain when released from the openings 
within the draughts mixed thoroughly with the air in the room but encroached less under the 
canopy in the 'clean zone' than with the nonnally used canopy (Fig. 7.53). The difference 
being greatest at the horizontal edge of the extended canopy. 
The extension of the canopy to 1 metre above floor level (ending just above the bed surface, 
0.9 m) was simulated using the 2 dimensional CFD model (section 6.8.3). With open 
boundaries there was a temperature stratification within the room of 0 - 14 °C. The 
temperature near to the ceiling was 34 0C but at floor level ranged from 20 °C to 35 °C. 
This reflected the lower discharge point of the canopy near to the bed surface. Here the 
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Figure 7.50 The effect of extending the canopy on xz airflow vectors at midheight (near bed surface height) in the intensive care room. LCIr'lERICS 
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Figure 7,51 The effect of extending the canopy on yz airflow vectors in the centreline of the uev. 
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Figure 7 .53 Tracer concentration profiles along the centreline of the bed from head to foot end at heights 




vel~city of the air flow was unchanged from that at the supply diffUser and exited the canopy 
to cIrculate to the floor and back up to the ceiling (Fig. 7.54). 
Contaminant distribution when released from the open boundaries within the room was well 
mixed but was negligible underneath the canopy (Fig. 7.55). This was the same whether 
there were open boundaries, high level extracts or low level extracts. 
7.11.8 Extended canopy (foot end only) 
Using physical measurements to assess the effect of extending the canopy at the foot end of 
the bed only, to 1 m above floor level showed results similar to when the whole canopy was 
extended. That is with no disturbance there was little entrainment of potassium iodide tracer 
particles onto the head, middle or foot end of the bed surface. 
7.11.9 Low Air Loss Bed (LALB) switched on/ofT, canopy extended/not extended 
There was little difference to the measured velocity of the air flowing near to the bed surface 
whether the bed was switched on or off either with the canopy extended or not. However, 
the robust nature of these airflows with the bed switched off was questionable. Potassium 
iodide sampled at the surface of the bed (at a height lower than 0.9 m due to the deflation of 
the LALB air sacks) with the canopy as fitted was in excess of the upper limits of the test 
method. This suggested that there was little movement of air in this region in any defined 
flow and that air moved freely across this area from beyond the clean zone. No tracer 
measurements were made with the canopy extended and the bed switched off. 
With the canopy as fitted the measured temperature at 0.9 m was slightly decreased when the 
bed was switched off as the temperature of the bed determined the temperature of the air near 
to it. Extension of the canopy maintained the same temperature near the bed surface whether 
the bed was on or off. 
The substantial amount of tracer and slight decrease in temperature measured at the deflated 
bed surface under the normally used canopy would be important if the bed was removed and 
the patient sat in an armchair for example. With the fitted canopy, the air would not be 
expected to flow as far as a chair and the temperature and contamination levels would be 
more influenced by the room environment than the sterile air from the UCV. 
The effect of removing the bed completely was shown using the 2 dimensional CFD model 
with open boundary walls (section 7.8.3). At minimum ventilation settings the air flowed 
towards the floor and there was negligible contaminant underneath the canopy when released 
from the openings (Fig. 7.56). However, at the maximum ventilation settings there was little 
airflow beyond the edge of the canopy and contaminant was distributed through the domain 
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Figure 7 . 5~ 2 dimensional simulation of airflow from the DeV canopy (extended) at supply temperature 
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Figure 7.55 2 dimensional simulation of concentration profile under the DeV canopy (extended) at bed 
height. Supply temperature 400 e and velocity 0.51 mls. Open boundary walls and ambient 20 °e. 
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and under the canopy (Fig. 7.57). Extending the canopy moved the exit point nearer to the 
floor and increased air flow in this region. However there was still contaminant under the 
canopy near the floor level (Fig. 7.58). 
7.12 Conclusions from analysing design changes 
• The effect of supply temperature and buoyancy had an enormous effect on room 
airflows and distribution of room contaminants. 
• The effect of room supply / draughts / extracts has a profound effect on room 
airflows whatever the supply temperature. Having extracts near to the floor level 
could eliminate the buoyant effects of the air. 
• Preventing dominant draughts from beneath doors exaggerated draughts from around 
the other gaps in the doors. This caused greater disturbance at the foot end of the 
bed resulting in more contaminant over the bed surface from the room. 
• Diffusers in the doors eliminated strong draughts into the room but did not prevent 
encroachment of contaminant at the foot end of the bed. 
• Moving the viewing area door eliminated the effects of draughts at the foot end of 
the bed but exaggerated draughts from the region of the dressing room door. 
• The extension of the canopy had an effect at increasing temperature and velocity at 
the bed surface and limited the encroachment of contamination over the bed surface. 
• The extension of the canopy at the foot end of the bed only, had similar effects to the 
extension of the complete canopy. This appeared to prevent gross disturbances at 
the foot end of the bed. 
• The presence of the bed had an important effect on the airflow beneath the canopy. 
Without it the draughts and buoyant effects in the room caused contaminant to be 
distributed beneath the canopy. 
7.13 Discussion of CFD and Physical measurements as containment testing 
strategies applied to a complex ventilated environment 
7.13.1 Physical measurements 
Perhaps the simplest and most graphic method that characterised the performance of the 
Unit and uev was visualisation using smoke tracer. This gave an immediate perception 
of the overa]) performance and identified the most important aspects concerning the 
ventilation: 
1. Whether a ventilation duct was functioning. 
2. The general airflow patterns - were they moving in the right direction. 
3. Identification of any regions of gross disturbances such as draughts. 
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Figur~ 7.56 2 dimensional simulation of airflow from the uev canopy at supply temperature 200e and 
velOCIty 0.38 m1s and concentration contours of a contaminant seeded at the open boundary walls. 
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Figure 7.57 2 dimensional simulation of airflow from the uev canopy at supply temperature 400e and 
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Figure 7.58 2 dimensional simulation of airflow from the uev canopy (extended) at supply temperature 
400e and velocity 0.51 m1s and concentration contours of a contaminant seeded at the open boundary 
walls. Ambient 20 °e. 
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5. Visualisation of the entrainment of air into the "clean" zone beneath the canopy 
during no disturbance or during the movement of people. 
6. Identification of any regions where further quantitative analysis was required. 
However, such qualitative analysis was not sufficient to show compliance with design 
parameters such as air pressures and airflow rates. The use of air pressure, temperature, 
humidity and air flow measurements showed whether the Unit was built to or being 
maintained to the design criteria but did not necessarily demonstrate how it performed for 
controlling cross infection/contamination. 
F or quantitative assessment, the absolute counts of particles and airborne bacteria 
demonstrated regions of personel activity or excessive turbulence compared to regions of non 
- activity and stagnation where particle settling was considerable. The number of bacteria 
sampled from the air correlated strongly with the particle counts> 5 /lm (Spearmans rank 
correlation coefficient > 0.7). Counting airborne particulates and bacteria as a guide to 
performance has been well discussed in the literature and was used for the assessment of 
clean rooms and operating theatres, being incorporated into certain National Standards. For 
the assessment of the UCV in this investigation, such absolute counts gave an adequate 
assessment of number of particles and CFU below the canopy and at the bed surface during 
activity and non - activity, and hence the ability to prevent entrainment of potential 
contaminants from the room, both with no disturbances and when there were environmental 
disturbances and movement of people. However, these methods did not assess the potential 
cross-infection/contamination within the Unit or intensive care room between regions. 
Identifiable strains of micro - organisms carried by the patients were used for this purpose 
(Williams& Harding, 1969) but the dispersing sources were not under control and the 
relatively small numbers of identifiable airborne particles dispersed meant that the method was 
rather insensitive and that observation had to be carried out over a prolonged period. 
The use of gas and inert particle tracers provided a much more descriptive method of 
assessing the Unit and UCV performance in terms of contamination control. These showed 
how a potential contaminant was distributed within the rooms of the Unit and how well 
isolated various regions were from the source of the potential contamination. The limitation 
of these methods (similar for all such methods using point source and sampling of tracers) 
was the relative positioning of the source and samplers with respect to each other, air mixing 
patterns, regions of re-entrainment and the re-circulation of air through the ventilation 
systems. In this investigation it was known that some of the air extracted from the intensive 
care room was recycled back into the UCV supply ventilation and thus back into the room. 
This prevented the use of gas tracer for assessing the isolation of the "clean" zone under the 
canopy from the rest of the room as any gas released in the room would be recycled back into 
the room through the canopy and there would be a build up in background levels. This was 
not a problem using particle tracers because they were removed from the air by the supply 
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REP A filtration units. However, there was a problem in using particle tracers due to 
sedimentation and impaction. 
The effectiveness of gas and particle tracers for the assessment of cross contamination in the 
Unit and intensive care room was compared using the transfer index expression. This was 
derived for both gas and particle tracers by Lidwell (1960) to represent movement of tracer 
through ventilated areas and to quantitate the effective isolation of the sampling point from 
the source. The transfer index was the ratio of tracer concentration/amount sampled to the 
amount released: 
_ Ct -6 n 
TIgas - - xl 0 and Tlparticles = -
q ZN 
where C was the concentration of gas sampled (ppm), t was the sampling time, q was the 
amount of gas released (m3), n was the number of particles sampled, Z was the sampling rate 
(m3/s) and N was the number of particles released. The lower the value of the transfer 
indicated greater isolation of the sampling position from the source. 
From early work by Foord & Lidwell (1972, 1975), using gas and particle tracers to evaluate 
hospital areas, there was a disparity between the transfer indices for both tracers; the particle 
transfer index indicated between 4 and 25 times greater isolation of the sampling site from the 
source. This was accounted for by the assumption of sedimentation from well mixed air 
masses during the time required for the movement of particles between the two positions. 
This disparity was also found in this investigation; the particle transfer indices were 1 - 2 
orders of magnitude less than the gas transfer indices (Table 7.14). However, this was also 
attributable to the corridor particle transfer indices being based on estimated numbers where 
the filters were saturated. Also some recirculation of gaseous tracer would be expected in the 
intensive care room. 
Position Particles Gas 
Floor Midway Ceiling Floor Midway Ceiling 
1 0.0306 0.0613 0.0613 1.848 2.320 1.944 
2 0.0613 0.0613 0.0613 0.696 1.152 1.176 
3 0.0306 0.0368 0.0368 1.224 1.224 1.200 
4 0.0204 0.0123 0.0092 1.296 1.200 1.296 
5 0.0306 0.0085 0.0010 0.792 0.120 0.000 
6 0.0036 0.0002 0.0002 0.000 0.000 0.000 
7 0.0039 0.0003 0.0008 0.720 1.128 0.000 
8 0.0053 0.0032 0.0006 0.672 0.048 0.000 
Table 7.14 Transfer indices for gas and KI particle distribution in the unit (Fig. 7.7). 
There was a similar trend of transfer index with position within the Unit for both particle and 
These trends correlated strongly (r> 0.8) between each height for particles and gas tracers. 
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gases~ there were high transfer index values in the corridor and lower ones through the rest of 
the Unit. However, the transfer index for both tracers along the corridor was greater towards 
the ceiling (Fig. 7.59) suggesting that the air was pulled towards the ceiling, considering that 
the source was 200 mm from the floor. In the regions of the Unit other than the corridor, i.e. 
across the intensive care room doors, the transfer index was greater near to the floor 
suggesting that here air was sweeping across the floor with little lateral mixing in the room. 
This reflected the greater movement of air through the gaps underneath the intensive care 
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Figure 7.59 Plot of regression hnes of transfer index tor gas and particle tracers with room position. 
Gas mid height ., KI mid height 0, gas floor height., KI floor level 0, gas ceiling !::,., KI ceiling !::". 
There was a strong correlation between the particle and gas transfer indices for sampling 
positions near to the ceiling throughout the Unit (r> 0.8). However, this was much weaker 
for samples taken nearer to the floor where there was poor correlation (r < 0.4). At this level, 
the transfer index for particles was up to 4 orders of magnitude less than for gas. This 
suggested tpat due to the greater distance of the sampling positions from the source and the 
aIr 
passage of)around doors there was greater sedimentation and impaction of particles on 
surfaces. In the intensive care room and viewing area near to the ceiling there was neglig. ble 
amount of gas sampled although particles were suggesting that the limits of the gas analyser 
were reached. 
7.13.2 Comparison of CFD simulation with physical measurements and use for 
performance assessment 
Similar conclusions on the perfonnance of the Unit and uev for controlling contamination 
and comfort were made using both physical measurements and computational fluid dynamics. 
It was shown that there were undesirable airflow patterns within the intensive care room and 




resulted in air from outside the canopy encroaching beneath the canopy. The two assessment 
techniques also lead to similar conclusions as to the effect of changing the room design 
features on contamination control and general airflow distribution. Extension of the canopy 
was shown to increase the airflow near to the bed surface and increase the resistance to 
environmental disturbances of the airflow beneath the canopy. However, they also showed 
how preventing some of the "rogue" draughts into the room increased others. An important 
conclusion from both techniques was how some design changes did not solve all problems 
but highlighted how some design changes created new problems. 
The 'visualisation' of the airflows using CFD compared well with the general air flows shown 
using smoke tracer. The CFD pictures could be superimposed over the smoke pictures taken 
within the intensive care room and around the UCV and the patterns were very similar both 
representing the recirculation points of air from beneath the canopy and into the room and up 
towards the ceiling extracts (plates 7.4 and 7.5). For smoke visualisation the smoke has to be 
released in a particular region and photographed before becoming fully dispersed with no 
resolution of depth. However the advantage of CFD is that it shows the complete flow field 
or partial field in any plane. 
Plate 7.4 & 7.5 Movement of smoke in the intensive care room overlaid with results of CFD 
simulations, from beneath the canopy to the windows and towards the viewing area, respectively. 
As a qualitative tool CFD and physical measurements compare well but in order to be used 
for perfonnance assessment CFD must give confidence as a quantitative tool. In the absolute 
values for temperature, airflows and contaminant dispersal there is some disparity between 
CFD and the physical measurements. However, the relative trends are similar and produce 
similar conclusions. Allowing for standard errors of measurement the differences between the 
two systems are much smaller. 
Comparing the airflow measurements under the canopy between CFD and measurements 
using anemometers the trends were very similar (Fig. 7.60). The CFD velocity may be 
describ~as X, Y or Z components (Y vertical) and speed. The Y values and measured 
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measurement of small jets created by the diflUsers so giving a raised value. The profiles were 
similar below the canopy and showed a reduction in Y velocity and measured velocity 
towards the bed surface, approaching negligible values. From the speed profiles it is obvious 
that the airflows were reduced near to the bed surface but also separated more into the 
horizontal rather than vertical components. 
The temperature distribution within the room compared closely between the CFD values and 
the measured values (Fig. 7.61). Near to the ceiling the calculated results were up to 2 0C 
less than the measured temperatures. However there was less difference at mid heights and 
near to the floor. Both methods showed stratification of temperature within the room and 
both methods indicated higher temperatures near to the corridor than the rest of the room. 
The greatest difference in the results was in the regions in front of the viewing area and 
dressing room doors where the CFD values were much lower at mid height and the former 
lower at floor level. This was considered due to the draughts from around the doors at a 
temperature of 20 °C so lowering the temperature within the room in this region. It may be 
that these draughts were mis - represented in the problem setup. 
Monitoring the dispersal of a contaminant within the room gave similar conclusions from both 
methods; identifying the encroachment of room air under the canopy near to the foot end of 
the bed. An advantage of the CFD model was that the spread of the contaminant could be 
'visualised' over the whole domain or any particular region in any plane. It also enabled the 
position of the source to be simply altered in order to observe the effect of source position. 
F or physical measurements the relative position of the source and samplers may be critical to 
each other and to the room ventilation points. The CFD model could be used to select the 
most suitable positions at which to position the source and samplers for physical tracer 
measurements. The limitation of the CFD model was the simulation of a disturbance. 
Moving boundaries such as people were not part of the model and as such the effect of 
someone moving into and out of the canopy could not be represented. As seen from using 
physical measurements the movement of people has a profound effect on the transport of 
potential contaminants under the canopy. 
The CFD model has so far been compared to the measured data. However the CFD model 
was also based on these measured data and has been shown to compare well. If the 
measurements were not available and the airflows could only be anticipated, how 'realistic' 
would the simulation be? Using only the design data gave conclusions similar to the physical 
measurements and simulation based on the measured data. However it did not identify 
problems such as unwanted draughts through drawers or any other departures from the 
design. It was also difficult to anticipate how the air would enter around designed 'leaky' 
doors and thus what effect this would have. A fundamental point is that although a 
simulation based on the design data will give results as expected in reality, it does not allow 
for the fact, commonly experienced, where the design criteria are not met. It is thus relevant 
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in predicting how a design will function but not necessarily how it actually functions when 
built, and it is still necessary to carry out tests to validate and commission a facility. 
The CFD model showed great potential in predicting the effect of design changes. The 
simulation was fine tuned using the physical measurements and then used as an analytical tool 
to observe the effects of changing the ventilation characteristics of the room and the airflow 
beneath the canopy. The conclusions from these changes gave the same conclusions as using 
the physical measurements but the changes were much simpler to set up and relatively faster 
to compute and make conclusions using CFD. An example was the effect of moving the 
viewing area door to another part or changing the position of the room extracts and openings. 
For physical measurements to be made this would require major building work but using the 
CFD model the results could be gained quickly and with little effort. It was also shown that 
alterations which may have been thOUght beneficial to performance could actually reduce 
performance and thus be a costly mistake if physical measurements were used. In addition 
the potential number of detailed design changes that could be made using the CFD model 
would be greater than could be undertaken using physical measurements. 
7.14 Key interim conclusions 
7.14.1 Physical measurements 
• The simplest and most graphic method that characterised the performance of the Unit and 
UCV was visualisation using smoke tracer. This gave an immediate perception of the 
overall performance and identified the most important aspects of the ventilation. It was 
not sufficient to show compliance with design parameters. 
• The use of air pressure, temperature, humidity and air flow measurements showed whether 
the Unit was built to, or being maintained to the design criteria but did not demonstrate 
performance for contamination control. 
• Quantitative assessment using absolute counts of particles and airborne bacteria 
demonstrated the effects of personnel activity or excessive turbulence compared to regions 
of non - activity and stagnation. They showed the UCV to have good performance in 
maintaining low numbers of particles and bacteria below the canopy and at the bed surface 
during activity and non - activity However, these methods did not assess the potential for 
cross-infection/contamination between regions within the Unit or intensive care room. 
• The use of gas and particle tracers provided a more exhaustive method of assessing the 
Unit and UCV performance in terms of contamination control. These showed how a 
potential contaminant was distributed within the rooms of the Unit and how well isolated 
various regions were from the source of the potential contamination. 
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7.14.2 Comparison of CFD simulation with physical measurements and use for 
performance assessment 
• The CFD simulations using the design data and measured data, gave similar conclusions to 
the physical measurements. However, the simulation based on the design data did not 
allow for deviations from the design criteria. CFD was thus relevant in predicting how a 
design would function but not necessarily how it actually did function when built, and it 
was still necessary to cany out physical tests to validate and commission the facility. 
• The CFD model showed great potential as an analytical tool for predicting the effect of 
design changes. It was shown that alterations which may have been thought beneficial to 
perfonnance could actually reduce performance and thus be a costly mistake if physical 
measurements were used. 
• CFD had the advantage over physical measurements in being able to 'visualise' the 
airflows and contaminant dispersal within the intensive care room in any region or any 
plane. For the assessment of cross contamination the CFD program enabled the position 
of the source to be simply altered in order to observe the effect of source position. For 
physical tracer measurements the relative position of the source and samplers could be 
critical to each other and to the room ventilation points. The CFD model could be used to 
select the most suitable positions. 
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Chapter 8 General discussion and conclusion 
8.1 Contamination control equipment and assessment strategies 
The damaging effects of gas and particulate contaminants can be a critical factor in industry, 
scientific research and healthcare. Contamination control systems, used for reducing the 
exposure of vulnerable sites to such potential contaminants, have to be assessed in order to 
ascertain whether they function correctly and achieve the required level of protection. In this 
study open fronted containment systems, used to limit exposure of the operator/product to 
airborne contamination, and Ultra Clean Ventilation (UCY) systems, used to reduce 
contamination of wounds during surgery and burns, have been investigated. The performance 
of these systems and the strategies and methods used for their assessment have been 
investigated. 
A strategy incorporates several methods to give an overall indication of performance, each 
method providing limited information on its own. There are qualitative and quantitative 
methods and the relative importance of each and how they compliment each other is critical 
to the strategy. The key question is, do they give representative information about the 
function of contamination control systems? 
Another problem is the standardisation of testing strategies and component methods for the 
assessment of similar types of contamination control systems. Most often the strategies 
adopted as National Standards for specific types of equipment do not have the same 
philosophy (section 2.2.2, 2.3.2), which is not a problem as long as the different test methods 
yield comparable results but is a problem when they don't. Therefore, for the design, 
production and international marketing of contamination control equipment, testing to each 
National Standard is required. This is time consuming and increases costs. 
8.2 Open fronted containment systems 
For the assessment of fume cupboards the ASHRAE 110 1993/SAMA LF 10 1980 test 
strategy is the most extensive involving smoke visualisation, face velocity and containment 
testing. The BS 7258 : 1994 strategy places main emphasis on a complex face velocity test 
with only a recommendation for containment testing. The DIN 12 924 test strategy places 
emphasis only on containment testing. The French and Australian standards have no 
containment test. The DIN and ASHRAE test strategies are the only ones to specify 
minimum performance criteria. 
There is a great difference in the methods used, each with a different philosophy. In each 
containment test, tracer gas is released within the working volume of the cupboard but 
through different injector devices. The ASHRAE and DIN tests use a manikin and require 
sampling for leakage at a fixed distance from the sash plane. The ASHRAE test requires 
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sampling in the breathing zone of the manikin. The DIN test requires sampling through a grid 
encompassing the aperture. The BS test has a different philosophy requiring sampling in the 
sash plane itself, thus measuring potential leakage. All these tests may be used for type 
testing or on site. 
For the assessment of microbiological safety cabinets (MSC) there is not such a diversity in 
the strategies incorporated in National Standards, emphasis being placed on a containment 
test. However, there are some differences in the methods used but the BS 5726 NSF 49 , , 
DIN 12 950 and JAS 1981 containment test methods are very similar, each using bacterial 
spores released inside the cabinet and sampling for leakage at a fixed distance from the sash 
plane. In BS 5726 there is a further option of using KI particles instead of bacterial spores. 
The BS 5726 strategy, similar to the others, is based on a hierarchical structure of flow 
visualisation, face velocity and then containment testing. In each of these strategies, unlike 
those for fume cupboards, there are minimum performance criteria that the safety cabinet 
must achieve. Each of these microbiological safety cabinet test methods uses a hierarchical 
strategy at type testing, commissioning and routine maintenance. 
The assessment of leakage from safety cabinets at a fixed distance from the aperture plane is 
similar to the ASHRAE and DIN fume cupboard test methods but not to the BS 7258 
method. However, there is a great difference in the philosophy of the tracer generation 
methods. The aerosol used in the safety cabinet test is a much greater concentration of 
spores/particles than would be experienced during normal working conditions and challenges 
the weakest point where containment is considered to be achieved. In class I cabinets this 
also results in further dispersal within the working volume. The gas tracer challenge is a 
passive release designed to reflect working conditions and to disperse within the working 
volume. 
The results obtained from these test strategies may not be comparable and thus results from 
testing a fume cupboard or safety cabinet may indicate different levels of performance 
depending on the method used. In the development of BS 7258 : 1994 : Part 4, a limited 
comparison of fume cupboard assessment methods suggested little practical correlation 
between DD 191 and DIN 12 924 containment test methods. There has been correlation of 
the microbiological and KI test methods in the BS 5726 containment method. However there 
has been no practical correlation of fume cupboard and safety cabinet test methods and no 
comparison of assessment strategies. 
The basic principle of operation of open fronted containment systems is similar, all achieving 
containment by enclosing the source in a chamber and manipulating the air flowing through it. 
It would appear that a common strategy could be used for testing all types and with methods 
that yield comparable results. Box type fume cupboards and class I safety cabinets can be 
considered to achieve containment in similar ways and it may be possible to compare the 
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performance of fume cupboards and safety cabinets using the gas and bacteriaVparticle tracer 
tests. 
The BS 5726 KI method, and a modification of this method (Clark et. aI, 1987), have been 
used by some workers with confidence for testing fume cupboards but the principle has not 
been formally accepted as a standard alternative to gas testing for fume cupboards. It is 
however, still used on fume cupboards as part of service contracts on safety cabinets. In this 
study, the BS 5726 : 1992 assessment strategy has been revisited and an attempt to correlate 
the results obtained when using the KI test method and the BS 7258 : 1994 method have 
been made. 
A survey was carried out on the fume cupboard stock at King's College London (KCL) to 
evaluate the type, condition and performance. A hierarchical test strategy involving flow 
visualisation and face velocity was used, from which each fume cupboard was graded. This 
strategy was crude but designed to yield information on those cupboards in-situ that were not 
working at all, those that had poor performance and those that were satisfactory. No 
containment test was included at that stage because it was considered not to yield any 
additional relevant information and was not therefore cost-effective. 
Of 221 cupboards surveyed at KCL there were aerodynamic and wooden box types, with 
one, two or three sashes, with some opposing. It was found that there was a large variation 
in performance. There were those that were switched offand did not work at all (unbeknown 
to the users), those in which the variation in face velocity across the aperture was extreme, 
those with very low or very high face velocities, those which were cluttered with almost total 
obstruction of airflow, those in which the airflow was visibly poor due to poor siting and 
those which were satisfactory. 
With the sashes at normal working heights there was no significant difference in terms of 
graded performance between the aerodynamic and box type cupboards; the aerodynamic 
cupboards were expected to work better. This indicated that the majority of fume cupboards 
in this survey were installed and used in a way that was far removed from the ideal conditions 
in a test room and, perhaps, the conditions at commissioning. There appeared to be little 
understanding by the user of the principles of fume cupboard containment, the effects of 
equipment bulk within it, of personnel movement and of environmental disturbances near to 
the aperture. There were also problems in the manner in which make up air was introduced 
into some rooms, which on occasions involved the opening of windows resulting in draughts. 
It was concluded that no real performance assessment strategy had previously been applied to 
the majority of cupboards given the diversity of type, condition and performance even though 
the college had its own strategy and BS 7258 was available. For satisfactory performance, 
the user had to know how the facilities functioned and that work discipline was very 
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important. Of those that had been tested by the college strategy or to BS 7258, none had 
been assessed by containment testing. 
This was not necessarily representative of all institutions and in those where strict testing and 
user awareness was required, better performance would be expected. This did reflect though 
peoples attitude to an unidentifiable risk, not necessarily treating performance seriously. It 
also reflected the notice given to the available BS 7258 and guidelines which did not specifY 
any minimum performance criteria. From discussions with fume cupboard users in the KCL 
survey, it seemed that microbiological safety cabinet testing was much better received and the 
user had more respect for its use. This was most probably due to an identifiable risk and 
perhaps to clear performance guidelines. 
BS 7258 : 1994 was investigated. There was no hierarchical strategy and different protocols 
were used for type testing, commissioning and routine maintenance testing. These were 
designed only to indicate a decline in performance and not to establish any minimum 
performance levels. Flow visualisation was suggested only at the commissioning stage and 
the inclusion of a containment test was only a recommendation at any stage. The results of 
using the complex grid for measuring face velocity in type testing and commissioning were 
not significantly different, questioning the relevance of such a complex grid for type testing. 
The BS 7258 : 1994 containment test protocol showed that the fixed flow rate through the 
gas analyser was too low and the response times too long. The tracer gas was not fully 
dispersed within the cupboard when released from a single source position. As the source 
was moved over the aperture plane, it was assumed that for a complete test the majority of 
the cupboard working volume was seeded with tracer, albeit not at the same time. 
This investigation also suggested that the type test was far removed from the in-situ case. 
The face velocity was reduced to 0.25 mis, a velocity known to be vulnerable to 
environmental disturbances. However when tested there was no leakage. This showed how 
stable the airflow and containment was at low flow rates in the ideal conditions of the test 
room but not how this could be seriously challenged during potential disturbances on site. 
Further limitations of the method were shown when the fume cupboard was modified and no 
leakage was measured in the plane of the aperture near to the sash handle and in the lower 
comers, although this was demonstrated using water fog. Only by rearrangement of the grid 
and position of source was tracer sampled in these regions. It appeared that in the stable 
environment of the test room the sampling grid did not measure edge effects where tracer 
may have leaked out and was most likely re-entrained back into the cupboard. In situ this 
may have been carried into the room. 
The re-entrainment of air discharged from the fume cupboard back into the test room from 
ducting was also a problem resulting in raised background levels of tracer. This made testing 
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of the fume cupboard meaningless and identified a problem in discharge, but as the fume 
cupboard and ducting were considered to be the containment envelope then this was an 
important factor. 
BS 5726 : 1992 was also investigated. In this, the hierarchical structure offlow visualisation, 
face velocity and containment testing was the same for type testing, commissioning and 
routine maintenance testing with little change in protocol and with clear performance criteria. 
For quantitative assessment there was a choice of two methods; microbiological and KI, 
which for unequivocally 'good' or 'poor' performing cabinets yielded similar conclusions. 
However, for marginal cabinets which may have been shown occasionally to fail the minimum 
performance levels of containment and cross contamination by the KI method, there was a 
disparity; the KI method indicating a failure in performance, the microbiological method 
indicating satisfactory performance. 
This was looked at theoretically and practically which indicated that the difference in 
generation and sampling methods may have been exaggerated in these cases. The generation 
of KI challenge had greater momentum than the microbiological challenge. The final 
droplet/particle size had terminal settling velocities less than the velocity of air flowing 
through the cabinet. Therefore the final challenge would be suspended and influenced by the 
cabinet airflow. It was considered that particle deposition in the test was by virtue of the 
airflow pattern and cabinet design resulting in impaction, settling in stagnant regions or any 
other force acting and not entirely due to particle/droplet settling alone. Thus the challenge 
was always the same, losses during the test being a result of the cabinet performance. 
It was also shown that an indicated failure of a cabinet could be due to contamination only. 
This was shown to be relatively easy and as spurious as actual leakage. Such contamination 
was of clothing, cleanliness of equipment and the testing of more than one cabinet in the same 
room at anyone time. The effect of environmental disturbance was also investigated which 
showed that in the absence of cross draughts, the movement of an operator's arms out of the 
cabinet could result in a serious breach of containment where aerosol droplets/particles 
generated in the working volume could be trapped in the material of the clothing. 
From this work it was evident that there were limitations in both containment test methods 
for the assessment of fume cupboards and microbiological safety cabinets. The theoretical 
possibility of testing microbiological safety cabinets using the method in BS 7258 1994 : Part 
4 was attempted. If the cabinets were ducted outside then this may have been possible. A 
class I cabinet had similar airflow characteristics to a box type fume cupboard, but compared 
to a modem fume cupboard, the design was poor. Using the BS 7258 method could possibly 
result in tracer being sampled in the sash plane. This needed further investigation. However, 
the design of class I cabinets was shown not to leak within the specifications of BS 5726. 
~. • - ___ ~-1 ___ -1 .1.- be due to the small opening and high face velocity. Perhaps the 
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design of class I cabinets should be reviewed? However, class II cabinets have become more 
popular and perhaps the days of class I cabinets are numbered? Work with the BS 7258 
containment test method for testing microbiological safety cabinets was discontinued because 
it was not considered to be practicable. The effluent air of many safety cabinets is recycled 
back into the room and the exhaust HEP A filter would not remove the gas from it. This 
made testing meaningless. 
The theoretical possibility of testing fume cupboards using the KI method was attempted by 
correlation with the BS 7258 : 1994 : Part 4 method. This was shown to be possible if the 
equipment was placed in the same positions for each method. Using the position relative to 
the sash plane the results could be interpolated with respect to the amount of tracer sampled 
at a fixed distance away from the sash plane to the plane itself However, this made the 
assumption that i) generation of tracer had no effect, ii) that the particles diffused and 
dispersed as a gas, and iii) whatever tracer was sampled at a fixed distance away from the 
aperture by the KI method would be sampled in the plane of the sash using the gas method. 
It was also shown that the particle tracer method was much more sensitive than the gas tracer 
method. This theory was challenged in practice. 
BS 5726 was applied to fume cupboards. The test method was first used in the KCL fume 
cupboard sutvey on a small selection. The equipment was positioned as for a class I cabinet, 
considering a box type cupboard was similar to a class I cabinet. The results of this however 
did not show a strong correlation with the flow visualisation grading and face velocity results. 
There were anomalies where a cupboard with a good grade had poor containment and of 
those cupboards tested which had very poor grades there were none with operator protection 
factors> 105• The grade was only an indication of performance whereas the KI test provided 
more quantitative data with greater sensitivity. However, on a couple of occasions out of the 
16 cupboards tested there was an obvious problem with the position of the KI equipment not 
identifying regions of obvious leakage. 
It was considered that the position of the equipment for BS 5726 class I cabinets did identify 
poor performing fume cupboards but did not sufficiently challenge the entire aperture and was 
not suitable for aerodynamic cupboards. This was shown using an artificial disturbance in an 
aerodynamic cupboard. A jet of nitrogen gas was used to entrain air from within the 
cupboard out through the aperture and thus to challenge containment during a test. This 
confirmed that there was no vertical mixing from the work surface and there was no challenge 
near to the sash where leakage could occur. 
Whereas a box type cupboard may be like a class I cabinet the flow regime in an aerodynamic 
fume cupboard was not. In this the scavenging of air from the work surface was separate 
from that behind the sash with little mixing resulting in a vertical stratification. Any tracer 
• .• t ~_L ----face was immediately swept away with no dispersal into the region 
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behind the sash. This may not be the weakest point where containment is achieved which 
, 
was the philosophy for testing class I cabinets, i.e., beneath an artificial arm, past through the 
aperture and the subsequent dispersal within the working volume. Due to the size of the 
aperture, the artificial arm was not considered effective and excluded from the tests. 
Therefore, it was considered that the whole aperture should be challenged vertically i.e. to 
include tracer generation both near the work surface, at mid aperture height and near to the 
sash handle. 
The equipment was rearranged so that laterally the KI challenge was generated 100 mm from 
the plane of the aperture at each of three heights. On the work surface or level with the lipfoil 
where fitted, at mid aperture height and in the region of the sash handle. Air was sampled 
through single samplers 150 mm from the plane of the aperture level with the KI generator. 
This would be conducted in the centre line of the aperture but as in BS 5726 for apertures 
wider than 1.2 m the test would be repeated at the centre of the left and right halves. It was 
considered to have two samplers at each at fixed distances either side of the vertical centre 
line of the source. 
The limitation of this method was the number of replicate tests to be conducted at each 
position according to BS 5726. If this were done at each height then 15 tests would be 
required for each position across the aperture making a possible 45 tests in all (approximately 
450 minutes in total); this would be impractical. The reason for 5 replicate tests seemed to 
derive from the viability of spores used in the microbiological test but this was not a problem 
in the KI test. As the BS 7258 gas test assumed a test period of 10 minutes for each of the 6 
positions (60 minutes total), perhaps the 5 replicate tests was not necessary for the KI 
method. Over a 5 test run only one test might show a failure. More work needs to be done 
in adjusting the number and duration of tests and observing the effects on results. This could 
be achieved by pooling all the data from service technicians using the KI method, to establish 
after how many tests a failure was evident and from this seeing if all 5 tests were required. 
F or the ASHRAE test for fume cupboards at one position it was stated that a failure usually 
occurred in the first 5 minutes of testing. 
The arrangement of the BS 5726 equipment was altered to simulate the positioning of the BS 
7258 equipment relative to the sash plane. This resulted in the samplers being saturated with 
KI particles. This suggested that the particles were thrown at the aperture and the sampler 
bulk and capture velocity had an effect. The efficiency of the two sampling methods was also 
compared but showed a great disparity. It appeared that the KI samplers were much more 
efficient at sampling the tracer gas than the BS 7258 probe. 
In practice the KI particles were shown to challenge the plane of the aperture and would not 
be expected to diffuse as a gas due to the relatively large size compared to gas molecules. 
• TTT .1 's were compared at varying face velocities. At 0.25 m1s only KI was 
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sampled beyond the aperture plane but at 0.85 m1s gas was sampled only in the aperture 
plane. This showed that i) what was sampled at a fixed distance away would not necessarily 
be sampled in the plane itself by the other method and vice versa and ii) the gas test was 
passive and the KI challenged the containment at low face velocities. The low face velocity 
would be vulnerable to environmental disturbances and although the gas test indicated how 
stable the cupboard was operating in the test room environment, the KI method demonstrated 
how fragile it could be. As there was no criteria for a minimum face velocity in BS 7258 then 
this may be experienced on site, and applying the KI method would indicate a failure, the gas 
test not necessarily so. 
From this work it was concluded that the containment testing philosophies of the BS 7258 : 
1994 containment test method and the BS 5726 : 1992 KI method were fundamentally 
different in terms of sensitivity, tracer generation and sampling methods, and as long as no 
minimum face velocity for fume cupboards was specified then no correlation of the two test 
methods was achievable and no further work was carried out. In terms of the equipment 
layout relative to the sash plane there was a greater similarity between the KI method and the 
ASHRAE and DIN gas tracer methods, albeit there was still a difference in the challenge. 
Further work is needed to compare these test methods in static conditions and more 
importantly during environmental disturbances to challenge containment. 
However, the present work showed the importance of using an assessment strategy, 
especially that used for assessing safety cabinet performance, which should be applied to fume 
cupboards in terms of type testing, commissioning and routine maintenance. This strategy 
consisted of three clear stages. 
ST AGE 1: Flow visualisation, followed by 
STAGE 2: Semi quantitative and quantitative tests involving absolute measurements such 
as face velocity and a measure of turbulence, then 
STAGE 3: Quantitative tracer tests 
The importance of flow visualisation was paramount. The collection of data on airflow 
velocity and turbulence was also important. Both these indicated whether the system was 
working or not and that it met design criteria. However quantitative methods were required 
in order to quantify performance. Comparing the National Standards for open fronted 
containment systems in section 2.2.2 and 2.3.2, where applicable, STAGE 1 and STAGE 2 
were consistent, only the method of application and detail being a criteria. The greatest 
variability was in the philosophy and methods used for STAGE 3. If from this strategy 
minimum performance criteria were specified then there may have been more scope for 
comparison of the test methods. 
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The use of the KI method described earlier for assessing fume cupboards could be further 
explored. The equipment could be placed with 4 samplers spaced around the spinning disc, 
as in the BS 5726 : 1992, but at fixed distances relative to it and in the same positions relative 
to the aperture plane. If only one test was assumed at each position, then the spinning disc 
could be moved around the aperture in the 6 positions as for the BS 7258 test. This would be 
similar to the Bicen rig (1993) but using the active challenge of the KI test. If a minimum 
perfonnance criteria in tenns of face velocity was set above 0.5 rnIs as is commonly used, 
then this method could prove possible. Further work would be required to compare this 
containment test method with those in the BS, ASHRAE and DIN fume cupboard standards. 
European standards, which will supersede some National Standards, are being developed. 
These are awaited with interest. 
In all open fronted containment systems protection of the operator or the work was achieved 
by an "air barrier" and perhaps a comparable method for use on all systems should be focused 
more closely in this region. Techniques could be developed on the principle of detecting any 
reverse flows in the aperture plane which result in leakage out of the cupboard. Small point 
source and sampling probes could be deployed close to and either side of the aperture plane, 
which could be moved around the aperture and placed closer to the comers and the edges. 
The challenge would be greater than that experienced in practice so as to achieve good 
sensitivity, would not require complete mixing within the working volume or to challenge the 
weakest point which may not always be known, and be adaptable for use with particle and 
gas tracers. To exploit fragile situations, an external disturbance would be employed in the 
test strategy. The system and principle described could be further adapted for on-line 
monitoring, i.e. making it unobtrusive to work practices but provide early indication of 
turbulence and leakage from the aperture. This would be more sensitive than just a measure 
of velocity. 
8.3 Hospital burns unit and 'Ultra Clean' Ventilation (UCV) systems 
The 3 stage strategy described in 8.2 above, was applied to a complex ventilation system in a 
hospital bums unit (referred to as the Unit hereafter) where large bums were treated within an 
ultra clean ventilation system. With few additional methods the equipment used for assessing 
the perfonnance of open fronted containment systems was used for assessing this Unit. 
STAGE 1. Flow visualisation using smoke, was shown to be the simplest and most graphic 
method which characterised the perfonnance of the Unit and uev giving an immediate 
perception of the overall perfonnance and identified the most important aspects of ventilation. 
This was not sufficient to show compliance with the design parameters. 
STAGE 2. Air pressure, temperature, humidity and air flow measurements were made which 
~h()U1P.ti wh~ther the unit was built or being maintained to the design criteria, but did not 
286 
Chapter 8 
demonstrate the performance for contamination control. By making absolute counts of 
particles and airborne bacteria this demonstrated regions of personnel activity or excessive 
turbulence compared to regions of non-activity and stagnation where settling was 
considerable. This showed how good the uev was in maintaining low numbers of particles 
and bacteria below the canopy and at the bed surface during activity and non-activity. 
However, these methods did not assess the potential for cross-infection/contamination within 
the unit or between regions in the intensive care room. 
ST AGE 3. Quantitative analysis was carried out using SF6 gas and KI particle tracers. This 
provided a more exhaustive method for assessing the Unit and uev performance in terms of 
contamination control. These showed how a potential contaminant may be distributed within 
the rooms of the Unit and how well isolated various regions were from the source of the 
potential contaminant; between patients or between staff and patients. The limitation of these 
point source and sampling methods was the relative positioning of the equipment with respect 
to each other, air mixing patterns, regions of entrainment and the re-circulation of air through 
the ventilation system. The gas tracer could not be used for assessing the isolation of the 
clean zone under the canopy from the rest of the room as any gas released was recycled back 
into the room through the canopy. This was not a problem using particle tracers because they 
were removed in the air supply by HEP A filtration units. There was a limitation using particle 
tracers for assessing cross contamination over long distances and around closed doors due to 
settling and impaction. 
The ventilation principle of the Unit was to have a positively pressurised ultra clean zone 
within a negatively pressurised intensive care room relative to the unit corridor. Each bed-
room in the Unit was negatively pressurised relative to the corridor and the corridor 
negatively pressurised relative to the hospital ward. Access to the Unit from an adjacent 
hospital ward was through positively pressurised airlocks relative to the corridor and the 
ward. This was intended to prevent cross infection/contamination between rooms in the Unit 
and between the Unit and the hospital ward. The uev ventilation had a partial canopy 
ending 2 m above the floor so as not to limit access and an exit velocity of 0.38 mls at 200e 
(minimum) based on DHSS reports (1986) and 0.51 mls at 400e (maximum). 
What the strategy identified was that the pressures and airflows measured within the Unit 
differed from the design specifications because of changed ventilation settings and operational 
procedures (viz. open doors). It was shown there was effective isolation of the hospital ward 
from the intensive care room and potential contaminants did not move from the intensive care 
room to the hospital ward. However, there was no effective isolation of the intensive care 
room from the hospital ward and potential contamination moved into the intensive care room 
from the hospital ward. 
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Within the intensive care room it was found that although the measured pressures were 
similar to the design specifications, the principle of having "leaky" entrance doors produced 
draughts which could potentially introduce contamination around the patient within the 
"clean" zone. It was also found within the "clean" zone that there was negligible air flow near 
to the bed surface at maximum and nonnal ventilation settings, the buoyancy of the air and 
the partial length canopy obviously having an effect. 
The airflows in the room were shown to be asymmetrical around the canopy. This was due 
to the close proximity of the walls, the position of the room extracts and the draughts in the 
room which prevented a smooth flow of air from beneath the canopy into the room which 
was so important for proper function. There was little entrainment of contamination over the 
bed surface at the middle and head end but more contamination was found towards the foot 
end. It was found that draughts and airflow weakness at the foot end of the bed resulted in 
contamination of the bed surface from regions outside the canopy. 
Contamination of the bed surface was not further affected by the movement of people in the 
room outside of the canopy periphery but movement in and out of the clean zone allowed 
contamination to be drawn over the entire bed surface. 
At commissioning the only criteria for perfonnance had been to establish the recommended 
exit velocity measured at the edge of the canopy at ambient temperatures and which gave a 
flow rate of 0.1 mls at the bed surface, further complemented by flow visualisation. At higher 
supply temperatures the flow rate was increased to maintain 0.1 mls at the bed surface. This 
was supported by bacterial counts under the canopy «10 bcp/m3). Annual inspections 
involved flow visualisation, face velocity measurements and bacterial counts beneath the 
canopy to assess any deterioration in perfonnance. There had been no attempt to use 
ST AGE 3 tracer testing procedures to establish area protection of the ventilation system and 
possible cross contamination whether steady state or during environmental disturbances. 
All the assessment methods were used for analysing design changes. It was found that the 
supply temperature and buoyancy had an enonnous effect on the room airflows and the 
distribution of particles and tracers. The effect of room supply, draughts and extracts had a 
profound effect on room airflows whatever the supply temperature. It was considered that 
having extracts near to the floor level could eliminate the buoyant effects of the air. 
Preventing draughts from beneath doors exaggerated draughts from around the other gaps in 
the doors. This caused greater disturbance at the foot end of the bed resulting in more 
contamination over the bed surface from the room. 
Extension of the canopy had an effect of increasing temperature and velocity at the bed 
surface and limited the encroachment of contamination over the bed surface. The extension 
~ .L - --~---. ~4- 4-t.. .... l'''''''t end of the bed only, had similar effects to the extension of the 
288 
Chapter 8 
complete canopy preventing gross disturbances at the foot end of the bed. The presence of 
the bed was shown to have an important effect on the airflow beneath the canopy. Without it 
there was no defined air flow from the canopy and no resistance to the mixing of room air and 
potential contaminants beneath it. 
Thus the use of the three stage strategy and basically the same equipment used to assess open 
fronted containment systems was shown to be important for assessing the performance of this 
complex ventilated burns unit and intensive care room. This was not used at commissioning 
and none of the potential and actual failures in contamination control realised. 
8.4 Computational Fluid Dynamics (CFD) 
As an additional method for inclusion in STAGE 3 of the strategy or as a three stage strategy 
of its own, CFD (see chapter 6) was investigated. 
STAGE 1. The simulation al10wed visualisation of the whole solution domain or any 
particular region of interest in either the xyz plane for 3D models as vectors for airflow. 
ST AGE 2. The simulation could be interrogated and the value of each vector, the air 
pressure and temperature could be known. 
ST AGE 3. As a mathematical code then any model may be incorporated which described a 
physical phenomenon such as a secondary species which may be seeded into the airflow. This 
was used to monitor the dispersal of a potential contaminant throughout the solution domain. 
The simulations compared well with physical measurements. In terms of flow visualisation 
they were very comparable. However, there was greater disparity in terms of quantitative 
analysis. The fume cupboard models were shown to be sensitive to the turbulence model 
specified, the solution grid density and its level of refinement. The program did not accurately 
simulate air flow around the aerodynamic features, i.e. above and below the lipfoil, but the 3D 
model was more representative than 2D model. In the UCV model there was some disparity 
in actual values of temperature, airflows and contaminant dispersal. However, the relative 
trends were similar and the same conclusions gained from each. 
Differences between the CFD and physical measurements were due to limitations in both 
methods such as sensitivity, accuracy and position for physical measurements and for CFD 
uncertainty in boundary conditions, physical assumptions, level of detail, modelling 
techniques, turbulence modelling and ultimately limitations in computing power and memory. 
In the CFD model used, no curved boundaries were possible and these were represented as a 
series of straight lines, thus requiring a high level of grid refinement in these areas increasing 
thp. rlemand on comouter power. Also in the representation of small draughts beneath doors, 
289 
Chapter 8 
a high level of grid refinement was required relative to the whole domain. Where the 
simulation became more detailed and complicated with more boundary conditions, more grid 
cells and greater variability in flow regimes and turbulence so the limits on computer memory, 
speed and the model code were influenced. 
For the complete 3D simulations of the fume cupboard and UCV the solution time was 2 - 3 
days on a PC486DX66 personal computer. This time would be expected to reduce with 
more powerful and faster hardware but at an expense and eventually there must be a balance 
between what can be achieved and the cost in achieving it. 
The aerodynamic features of the fume cupboard were modelled as separate simulations, 
allowing more detailed analysis on a smaller scale. Simulation of airflow past the lipfoil and 
sash handle showed how each influenced local turbulence caused by sharp edges and how a 
smoothed entry profile could eliminate these. This allowed optimisation of design, limited 
only by the representation of curved boundaries. 
The complete cupboard simulations could not show this level of detail around these features 
but gave a mean estimation of the flow within these regions and how it affected the whole 
flow field. This allowed the comparison of cupboard designs and the relative benefit of each 
design feature on the overall performance. The CFD model clearly distinguished between 
good and bad cupboard designs. 
The CFD model was also used to assess the cupboard performance when a simulated 
operator was standing in front causing a blockage or when there was an environmental 
disturbance in the form of a cross draught. This clearly showed the potential of the CFD for 
comparing designs with reference to installation and "in-situ" conditions. A study of the 
effects of different room ventilation and fume cupboard containment was carried out by 
Flomerics and Nlli which was intended to form a basis for future laboratory designs. 
However, this did not take into account fume cupboard design and thus a development of this 
study would be to take selected cases and match them to supposed good and bad cupboard 
designs and investigate localised effects. Also, it would be useful to develop further, 
simulations of "in-situ" conditions such as with an operator working or with cupboard 
contents. This would be able to establish minimum design criteria for fume cupboards. 
The use of the 2D models for assessing microbiological safety cabinet performance clearly 
showed how turbulent were the airflows within a class I cabinet and in terms of modem fume 
cupboard design philosophy how poor it was. The model was also applied to class II cabinets 
which clearly showed how a delicate balance was required between the inflow and downflow 
of air in order to control product and operator protection. These were simple models which 
only took 1 hour to solve but served to indicate clearly microbiological safety cabinet 
- _.-r ____ ~~ Tt,.:,., ,..,.,. .. 1,.1 be developed further, made more complex and used as for fume 
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cupboard performance, i.e., to set minimum design criteria in prototype development and 
show how a design could perform when installed. The advantage was that class I and II 
cabinets had no curved boundaries making modelling much simpler. 
The 3D fume cupboard model was used to simulate dispersal of tracer within the working 
volume according to the BS, ASHRAE and DIN injector methods. This correlated well with 
physical measurements showing that the tracer was not completely mixed with the working 
volume when released from one position. With the sources in the centre line of the aperture 
width, the BS and ASHRAE injectors were shown to distribute tracers in a similar manner 
which identified recirculation zones across the work surface from which leakage occurred in 
box type fume cupboards. However the DIN injector was shown to disperse tracer into the 
upper regions of the working volume and thus did not identify the leakage from the work 
. . II Johoson 
surface. This compared well WIth earlier work (Fletcher),1992) that suggested that the DIN 
injector may identify leakage near to the sash handle but not near to the work surface. 
From these tests of tracer dispersal the CFD model was shown to be more sensitive than the 
gas tracer physical measurements. The calculated concentration of tracer in the sash plane 
was around the maximum sensitivity for physical measurements of SF6 tracer gas, i.e., 1 ppb. 
If these simulations were compared to physical measurements, then for the aerodynamic fume 
cupboard tested, SF6 tracer would not be sampled in the sash plane using the physical 
measurement method, but for a box type cupboard it would be. 
This identified another very important conclusion about the use of CFD. It could be used to 
identify where to release the tracer, in what manner, where the containment weak spots 
would be, where to sample and how efficient sampling methods could be. It could be very 
important in the development of new physical gas tracer methods. Further work would be 
needed, using a different CFD code, to simulate the motion of particle tracers and model the 
KI test method. CFD could be used to develop new containment tests. 
Simulating the air flow and distribution of gas tracer within the intensive care room of the 
hospital bums Unit gave similar conclusions based on the design data, the measured data and 
from physical measurements. However, it did not identify problems such as unwanted 
draughts through drawers (section 7.7.1) and other departures from the design. It was thus 
relevant in predicting how a design will function in theory but not necessarily how it actually 
will function when built. Accordingly, it would still be necessary to carry out physical tests to 
validate and commission a facility. 
The CFD model showed great potential in predicting what would happen when there was a 
departure from design criteria or when the design was altered. The simulation based on 
design data could be fine tuned using existing physical measurements and then used as an 
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analytical tool to obselVe the effects of proposed corrective procedures for faults or proposed 
improvements by changes in design. 
In the intensive care room simulation predicting the effect of design changes compared well 
with the physical measurements. These changes were much simpler to set up using the CFD 
program and relatively faster to compute and make conclusions. Also, the potential number 
of detailed design changes that could be made using the CFD model was greater than could 
be practically undertaken using physical measurements and were non-intrusive. This showed 
that alterations which may have been thought beneficial could actually reduce performance 
and thus be a costly mistake if physical measurements were used. 
F or physical measurements the relative position of the source and the samplers could be 
critical to each other and to the room ventilation points. The CFD model could be used to 
select the most suitable positions at which to place the source and the sampler for physical 
tracer measurements i.e. identify regions where protection may be weak. 
It was concluded from the simulations of open fronted containment and UCV system 
performance that the CFD program could be included as a stage 3 quantitative assessment 
method but also that it could be used as a strategy of its own. This had more relevance at the 
design stage to predict how a system would function when built. However, without physical 
measurements there was no way of knowing whether the system actually performed to the 
design criteria when built and this was still a necessary step for commissioning and routine 
maintenance. Using the physical measurements the CFD program could be used to study the 
effect of design changes and corrective procedures on the as-built case. 
Further, in the design stages, the program could be used to simulate the effects of potential 
challenges to performance and establish certain performance criteria. It could be used to 
optimise the design of open fronted containment, UCV systems and hospital operating 
theatres. In this study, the simulations were steady state but transient simulations could also 
be carried out to observe the effect of time dependant disturbances. 
There is a limitation to the use of CFD because of the time taken and expense of developing 
and solving the simulations, to test and validate them. This has to be weighed against the 
building of physical models and testing with physical measurements. For open fronted 
containment systems this may be hard to justify because of profit margins involved. For the 
uev, on a much larger scale, this may be justified because it can help to avoid in the event of 
design errors being made, expensive alterations to buildings and the subsequent downtime for 
such work to take place. Further work would thus have to be done using more powerful 
computers to weigh up the commercial viability of such an exercise. At the end of the day, 
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Appendix 1 A summary of the physical properties, methods of 
generation, dispersal and deposition of potential airborne contaminants 
(Hidy 1984, Collins 1988, Kennedy, 1988) 
A1.1 Definitions 
A 1.1.1 Gases and vapours 
Gases and vapours may react chemically with other pollutants in the atmosphere to fonn 
secondary pollutants which can be either (or both) gases or aerosols, chemically irritate 
organic material such as living tissue and react with and destroy inanimate objects. Gas 
clouds will expand by diffusion until the molecules are equally distributed within a localised 
area. Gas can only be changed to a liquid or a solid state by the continued effect of increased 
pressure and/or decreased temperature. Vapour is the gaseous fonn of substances that also 
exist in the solid or liquid state at normal pressures and temperatures 
A 1.1.2 Dusts 
These are suspensions of solid particles brought about by mechanical disintegration of 
material which is suspended by mixing in a gas. Generally, dusts are quite heterogeneous in 
composition and have poor colloidal stability with respect to gravitational settling because 
they are made up of large particles (1 - > 300 Jlm). 
A1.1.3 Smokes and fumes 
Smoke covers a wide variety of aerial dispersions dominated by residual material from 
burning, or from condensation of supersaturated vapours. Such clouds generally consist of 
particles of material of low volatility, in relatively high concentrations. Because of the small 
size of the particles, smokes may remain suspended for extended periods of time. A principle 
criterion defining smokes is one of particle size; the distribution in diameter is constrained 
from 10 Jlm to less than 0.1 ~lm. 
When smoke formation accompanies traces of noxious vapours, it may be called a fume is 
(0.001 - 1.0 Jlm). Fumes are often generated by condensation of materials from the gaseous 
state usually after volatization from the molten or liquid state. They may be used to describe 
a particle cloud resulting from the mixing and chemical reactions of vapours. 
A1.1.4 Mists 
Suspensions ofliquid droplets by atomisation or vapour condensation are called mists. These 
aerial suspensions often consist of particles > 1 Jlm in diameter, and relatively low 
concentrations are involved. 
A1.1.5 Aerosols 
Aerosols can be defined as colloidal suspensions of particles in a gas that are larger than 
molecular size, yet not large enough to settle under gravity, and are often considered to be 
from 0.01 Jlm to 50 Jlm in size. The term aerosols has been used to describe dust, mist, 
smoke, fog, haze and fumes in this size range. 
Ai 
A 1.2 Generation 





burning, boiling liquids 
splashing/spillages 





The mechanisms of generation includes: 
A1.3 Transport 
supersaturation 
gas phase chemical reactions 
disintegration of liquids 
sprays by centrifugation 
atomisation by acoustic disturbance 
aerodynamic atomisation 
nebulisation 
A1.3.1 Gases and vapours 
Appendix 1 
The main transport processes of gases include phoresis, molecular diffUsion, absorption and 
adsorption. The movement of gases as a result of a gradient is due to phoretic forces. These 
include pressure, temperature and concentration. DiffUsion of gases depends equally on the 
nature of the fluids as well as the physical conditions. 
A1.3.2 Droplets/Particles 
When particles, suspended in a fluid medium, are placed in a region where there is an energy 
gradient, they will travel to that part of the region where the energy level is lowest. The most 
familiar example is the phenomenon of gravitational settling in which particles move only 
vertically and down. Thus particles moving under gravitational forces will only settle on 
surfaces with a horizontal component. 
Electrical fields can produce movement in aerosol particles. Charged particles will move in 
uniform electrical fields, while either charged or uncharged particles will travel in non-unifonn 
fields. Particles in an area where a thennal gradient exists will move to the cooler part of the 
zone. The net result is that particles are moved in a resultant direction, giving deposition on 
surfaces that do not necessarily have a horizontal component. 
When an airstream containing particles is forced to change direction because an obstacle is in 
its path, those particles which have sufficient inertia will continue on in their original 
trajectories until they impact on the surface of the obstacle. Smaller or lighter particles will 
continue to move around the obstacle. Depending upon the shape of the obstacle, some 
collection may occur on the downstream face as a result of turbulent eddy fonnation. 
Aii 
Appendix J 
Diffusion, coalescence, nucleation, and other similar type processes are primarily the result of 
interparticle forces. They have no direct effect upon contaminant deposition. They change 
the particle characteristics sufficiently so that the deposition pattern will change. Diffusion 
produces random particle motion, resulting in translation of particles from an expected 
narrow trajectory to a broad path. Brownian motion of the particles may also result in 
coalescence and growth of particles. If growth occurs, more material will be impacted than if 
it had not grown. Coalescence and growth may occur as a result of electric fields, 
gravitational effects, and turbulence. If the particle is capable of absorbing water vapour (of 
initiating droplet growth by nucleation), it may grow to a size which would be collected under 
conditions that would not normally permit collection of the dry particle alone. In short, the 
interparticle forces may lead to a change in the particle characteristics that will change its 
normal deposition probability. 
The energy gradient forces are directed toward the particles suspended in the air and are 
independent of any inertial forces resulting from the movement of the air. Because of this, 
these energy gradient forces are probably the most important in causing contamination. The 
removal from the air of larger particles is influenced by inertial impaction mechanisms and 
particles smaller than this by diffusional mechanisms. There is a point however where 
removal is least efficient as particles cross between influences from inertia or diffusional 
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Fig. AI.l Particle deposition efficiency as a function of particle size (Hesketh, 1974). 
A1.4 Summary of size distribution 
The size of droplet/particle is critical in terms of contamination. The physical size of a particle 
is important in terms of penetration and the settling velocity in terms of deposition. Perhaps 
the most important particles especially with respect to health are those that o~ce bec~me 
airborne have equivalent sizes such that they remain airborne for very long penods of tlll~e 
and can be transported for large distances along with air currents (Tabl.es AI.I & AI.2): This 
will depend on the velocity of movement of the ambient air but the sIze :~nge of p~lc!es ~ 
100 J.lm are of general interest because they have very low s~ttling velOCItIes even In stIll arr 
and that the majority of air movement in any workplace IS of the ~rder of 0.2-~.3 mls 
(B.O.R.S., 1988). Particles in the size range 0.5 - 5 J.lm may pene~rate mto.the alveo!1 of the 
lungs. Below 0.5 J.lm the particles may enter and leave the lungs Wl~hout bel~g deposIted and 
above 5 J.lm they will be filtered in the first stages of the lung. PartIcles of sIzes >5 ~m ha~e 




The following are the size range of equivalent particle diameters (ds, the diameter of an 
equivalent sphere of the same density and terminal velocity) and settling velocities of airborne 
matter (summarised from a table in Hidy (1984), reprinted from Lapple (1961) and the 
Stamford Research Institute). 
Size (diameter) Angstrom Units Reynolds Number Settling Velocity 
J.1m A em/sec (sg 2.0) 
0.001 -0.01 1 - 10 1 x 10-12_1 X 10-10 1 x 10-6-1 x 10-5 
0.01 - 0.1 10 - 100 1 x 10-10-1 x 10-8 1 x 10-5-2 x 10-4 
0.1 - 1 100 - 1000 1 x 10-8-5 X 10-6 2 x 10-4-7 X 10-3 
1 - 10 5 x 10-6-4 x 10-3 7 X 10-3-6 X 10-1 
10 - 100 4 x 10-3-3 x 10° 6 x 10-1-4 X 101 
100 - 1000 3 x 10°-4 x 10-2 4 x 101-6 X 102 
1000 - 10000 4 x 10-2-1 x 10-4 6 x 102-2.4 X 103 
Table A I. I Physical characteristics of particles 
Airborne Matter Particle size range (~m) 
Fume 0.001 - 1 
Dust 1 - >300 
Mist <0.01 - 10 
Spray 10 - >300 
Clay <0.1 - 2 
Silt 2 - 20 
Fine sand 20 - 200 
Coarse sand 200 - 2000 
Gravel >2000 
Common atmospheric dispersoids 
Smog <0.01 - 200 
Clouds and fog 2 - 80 
Mist 80 - 200 
Drizzle 200 - 500 
Rain 500 - 1000 
Particle type Particle size range (~m2 
Molecular diameters <0.01 
Oil smokes 0.03 - 1 
Tobacco smoke 0.01 - 1 
Atmospheric dust 0.01 - 2 (~0.001 - 20) 
Aitken nuclei ~0.005 - 0.2 
Sea salt nuclei 0.03 - 0.5 
Combustion nuclei 0.01 - 0.1 
N ebuliser drops 1 - 20 
Hydraulic nozzle drops 55 - 5000 
Pneumatic nozzle drops 10 - 100 
Pollens 10 - 100 
Plant spores 10 - 40 
Lung damaging dust 0.5 - 5 
Viruses 0.003 - 0.05 
Bacteria OJ - 30 
Human hair 30 - 200 
Red blood cell of human 7.5 & OJ 
Table Al 2 Typical sizes of anoome partIcles and gas dispersOlds 
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Appendix 2 Qualitative assessment methods 
Air itself does no.t absorb light in the visible spectrum and is thus transparent as are gases, 
vapours and partIcles < 25 ~lm. However, the effect of air movement on light scattering 
m~tter placed in its field of flow is obvious and the majority of visualisation methods rely on 
this fact whereas other methods make use of the physical properties of the air itself 
(Merzkirch, 1987). 
1. Techniques by which foreign material is added to the flowing fluid. 
2. Techniques in which changes in the fluid density causing a change in the refractive index 
may be observed using optical methods. 
3. Techniques in which energy is applied to the fluid and the increased energy level of 
particular fluid elements may be distinguished from the rest of the fluid. 
METHOD DESCRIPTION 
Tuft method Movement of tufts of thread suspended in the flow field. 
Body surface Tracing Material on the body surface varies its shape according 
to the flow. 
Chemical reaction Chemical reaction between the fluid and a substance 
spread over the body surface or between the fluid and 
another injected fluid. 
Electric controlled Controlled electric current causing ionisation of the air 
or production of smoke from oil dripped onto an 
electrical!y heated wire. 
Direct injection of tracer into the flow field to either scatter or absorb light. 
Smoke Smoke ~articles to scatter light 
Water fog Water droglets to scatter light 
Dust or Tyndall lamp Observing forward scattering of light from suspended 
particles 
Shadowgraph, Schlieren Change in refractive index of the fluid by temperature or 
photography, Mira~e methods other density changes. 
Mach-Zehnder interferometer Observation of interference fringe patterns 
Laser holographic interferometer Observation of holographic interference from laser light 
source 
Laser induced fluorescence Fluid is seeded with fluorescent material which radiates 
when excited with laser light. 
Speckle method Scattered light from suspended particles in a laser light 
sheet causinK interference and a speckling effect. 
Table A2.1 Summary of methods used for the vIsualIsatIOn of flUId flow (Merzkuch, 1987) 
Most of these methods provide detailed assessment over small areas. In co~tami.nat~on 




Appendix 3 Quantitative assessment methods 
Particles used as tracer material should be small enough to assume a motion that is the same 
as that of the suspending fluid, in direction and magnitude of velocity. The difference 
between the movement of the fluid and that of the foreign material can be minimised but not 
totally avoided, by using material with a density almost coinciding with that of the fl~id. This 
also applies to gas tracers. 
Qualitative measurements provide only limited data on the interaction between the source its 
motion in the air and the exposure of the work, worker and the general environment. If ~ne 
resolves the light scattered from single particles suspended in the fluid flow, the observation 
becomes quantitative and allows for measuring the velocity of the scattered, which in many 
cases can be taken as the fluid velocity. Other quantitative methods do not require the scatter 
of light from matter as means of measurement and thus may include gases, vapours and fine 
particles. 
The material ideally should have similar physical and chemical properties to the potential 
contaminant or should be a compromise where several contaminants are of interest. The 
method of generation of the contaminant should be similar if not the same as that of interest 
and the conditions with which it is sampled should not interfere with the transport mechanism. 
The latter is of great interest and presents problems, for both absolute measurements or 
measurements using tracers, in deciding which method to use whether it is intrusive or non-
intrusive and whether passive or active. 
The use of quantitative infonnation though also has its limitations with respect to the 
positions of release and sampling of the tracer. Does this reflect the real exposure. This 
depends on the tracer used and the sensitivity of the measuring instrument. The perfect 
method would be to measure the actual exposure to the contaminating species in real time 
and in the position which is most vulnerable to contamination. However sometimes this is not 
possible due to the sensitivity of the measuring instrument, the hazard of the contaminating 
species, and due to the fact that exposure is not steady and may fluctuate over long periods of 
time, and that a facility used to control contamination may use a very varied potential 
contaminants. It also does not allow prediction. In this case other tracers are used to 
substitute and be representative of the contaminating species. 
The use of particle and gaseous tracers thus have their differences where each are subject to 
different forces which effect their transport in air and which thus affect their choice as a 
tracer. This has been studied in many reports where the major difference between them is the 
deposition of particles out of the fluid flow mainly as a result of gravitational settling but also 
as a result of impaction and phoretic forces. In the built environment and contamination 
control facilities this has been looked at, (Chamberlain, 1978; Foord, 1972; Foord, 1975; 
F oord, 1975; Hambraeus, 1972; Hampl, 1985; Li dwell , 1972; Lidwell, 1975; Shaw, 1972; 
Whyte, 1973). However as tracers it is assumed that in certain circumstances the.difference 
will be small compared to the distance between the sampling point and the generatIon source 
and the settling velocity with respect to the fluid flow. 
This has been approached with respect to containment facilities. 
Avi 
Particle generation methods 
Supersaturation 
Particles from gas phase chemical reactions 
Disintegration of liquids 
Sprays by centrifugation 












Optical and electronic Particle counting 
Particle concentration 
Table A3.1 Aerosol generation and sampling techniques (Hidy, 1984) 
Gas tracer generation methods Gas Sampling methods 
Jets Spectroscopy (e.g. Infra-red) 




Table A3.2 Gas tracer generation and samphng techmques (Hldy, 1984) 
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Appendix 4 Fume cupboard survey at King's College London 
A sutve~ was carried out to assess the type, condition and perfonnance of the fume cupboard 
stock bemg used presently at King's College London. The results may be indicative of the 
state of fume cupboards in other similar institutions. 
General obs~tvat~ons were made of the cupboard including the dimensions, physical condition 
~d t~e s~fV1ces ~nstalle~. Perfonnance tests were based on face velocity measurements and 
VIsualIsatIon of aIrflows mto and within the fume cupboard. These methods of perfonnance 
assessment were regarded as being of secondary importance to complete containment testing 
but as BS 7258 : 1994 still only recommended a containment test and due to the scale of the 
project and limited time, face velocity and visualisation were considered satisfactOI)' 
indicators. The methods used were also part of a hierarchy of tests specified in BS 5726 : 
1992 for the perfonnance assessment of microbiological safety cabinets. The College had its 
own method of assessing fume cupboard perfonnance but this required the cupboard to be 
empty and thus was not appropriate. 
Ultimately, the cupboards were graded to give a quick reference idea of perfonnance. In all 
some 221 cupboards with 309 sash faces were tested. 
A4.1 Methods used in performance evaluation 
The tests were perfonned at working sash heights of 250 and 500 mm (unless otherwise 
stated). This height was measured from the top edge of either the bench or lipfoil (where 
fitted) to the lower edge of the sash. Where a cupboard had two or three sashes, all sashes 
were positioned at the same working height during the tests, and each face tested. 
Performance tests were carried out for each fume cupboard in the condition in which it was 
found (viz. with whatever equipment was present at the time). A photographic record was 
kept of each fume cupboard at the time of the tests. No attempt was made to alter the 
environmental conditions around the cupboard. This meant that people were allowed to enter 
and leave the laboratory as they wished. This was considered to give an indication of the 
cupboard perfonnance as installed and in working conditions. 
The following tests were carried out to establish the perfonnance of the fume cupboards: 
A4.1.1 Air flow visualisation 
Water fog generated by an ultrasonic nebuliser (De V1LBISS Co. Ltd.) (Kennedy, 1987) was 
used to visualise the direction of air flowing into the cupboard across the face of the working 
aperture and it was directed against the inflowing air to look for any regions of leakage. It 
was also used to~ 
1. Visualise the airflow within the cupboard for areas of excessive turbulence. 
2. To demonstrate any scr01ling movement above the sash at the top of the working volume. 
3. To assess the effectiveness of scavenging of air from the work surface. 
4. To visualise the airflow over the front lipfoil (if fitted) and to show how efficiently the mist 
was dispersed. 
A4.1.2 Face velocity 
The inflow face velocity was measured with a 100 mm diameter rotating vane anemom~ter 
I A TOm rnu npVELOPMENTS Ltd.) at six points in the plane of the aperture for a working 
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aperture of 500 nun (Fig. A4.1) and 3 points for a working aperture of 250 mm. The 
anemometer calibration was covered in chapter 3, section 3.8.1. 
I 
I 





Fig. A4.1 Position of rotating vane anemometer head in the plane of the sash for an 'aerodynamic' fume 
cupboard. 
The fume cupboard standard BS 7258 : 1994 specified (for maintenance purposes) a grid of 
minimum 9 points at the nonnal working aperture using a rotating vane anemometer. For 
commissioning and type testing of fume cupboards numerous points were required using a 
thermistor or hot wire anemometer, but this was a time consuming method. The mean face 
velocity determined from the six point grid used for this survey was shown not to be 
statistically different from the mean velocity determined using these other measurement grids 
(Fig. A4.2). The standard errors were representative of the variation in mean velocity at the 
individual measurement points from the overall mean face velocity which was apparent in 
aerodynamic fume cupboards, the flows being greater towards the faired edges. The 
measurement grid was considered to give a realistic number of measured points in reasonable 
time. 
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Fig.A4.2 Comparison of the mean face velocity measured at a working aperture (500 ~) of an aer~c 
fume cupboard with differing number of sample positions (error bar ±l SEM as an estImate of vanatIon of 
mean velocities measured at a point from the overall mean face velocity) 
A4.2 Number and type of fume cupboards tested at King's College London 
Number of fume cupboards tested in the survey 
Number of tests performed (I test per sash) 
Fume cupboard type 
Aerodynamic 
Box type with single sash 
Box type with double sash 
Box type with triple sash 
Box type with opposing sashes (x2) 
Portable type with aerodynamic front 
Walk-in 




Number in survey % of total 
61 27.6% 
89 40.3 % 
46 20.8 % 
12 5.4 % 
8 3.6% 
4 1.8 % 
1 0.5 % 
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Surprisingly the~e were very few aerodynamic cupboards. For analysis the cupboard types 
were grou~ed l,nto 'aerodynamic' fume cupboards and those fume cupboards with no 
aerodynamic faCias were termed 'conventional' cupboards. 
A4.3 Fume cupboard exterior material types 
Material Aerodyn'c Box Aerodyn'c Walk in 
Single Double T~le 2 sided portable 
Chipboard/laminate 3.3 % 
FibreglasslGRP 50.0% 
Glass/laminate 1.1 % 
Metal/stainless steel 35.00/0 1.1 0/0 25.0% 
PVC/plastics 10.0% 5.6% 62.5 % 100% Wood/~lass 1.7 % 92.2 % 100% 100% 37.5 % 75.0% 
Total no. cupboards 60 89 45 12 8 4 1 
Table A4.2 Fume cupboard ex1enor matenal 
The materials used in the construction of the fume cupboards reflected the type, use and cost. 
The box types were made of reinforced glass and wood with tiled work surfaces and the 
relatively modern aerodynamic fume cupboards were made of composite materials. Some of 
the cupboards reflected the work expected to be carried out in them. The majority of the two 
sided cupboards were made of PVClPlastics, being used for isotope work, the aerodynamic 
ones ranged from stainless steel work interiors for radioactive work to fibreglass which were 
for more general purpose work. 
A4.4 Subjective assessment of fume cupboard cleanliness 
Cleanliness Aerodyn'c Box Aerodyn'c Walk in 
Single Double Tri~le 2 sided portable 
Good 28.3 % 26.0% 11.1 % 25.0% 25.0% 
Just acceptable 28.3 % 14.3 % 13.3 % 8.3 % 50.0% 
Dirty 31.7 % 40.3 % 51.1 % 58.3 % 37.5 % 75.0% 100.0 % 
Filthy 11.7 % 19.5 % 20.0% 8.3 % 12.5 % 
Total no. cu~boards 60 77 45 12 8 4 1 
Table A4.3 Fume cupboard cleanliness 
From the observations, it seemed that users and departments cared little for their fume 
cupboards. The data may have been weighted due to the large number of fume cupboards 
used for teaching in which the students possibly had no real instruction, understanding or 
respect for the condition of the cupboard. 
A4.S Subjective assessment of fume cupboard condition 
Condition Aerodyn'c Box Aerodyn'c Walk in 
Single Double TriJ!le 2 sided portable 
Average & above 93.3 % 71 % 76% 58.3 % 62.5 % 100.0 % 100.0 % 
Poor 6.7% 29% 24% 41.7 % 37.5 % 
Total no. cu~boards 60 79 42 12 8 4 1 
Table A4.4 Fume cupboard condition 
The majority of cupboards which were assessed as being in poor condition, had cracked or 
broken tiles which lined the work surface and walls. Some had obvious fire damage, were 
badly corroded or the glass was cracked. That there were only a few aero,dynamic cupbo~ds 
assessed as being in a poor condition was considered due to the matenals of construction 
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~~~. more resilient. Often there was evidence that bunsen burners had melted the plastic 
A4.6 Subjective assessment of fume cupboard blockage 
Condition Aerodyn'c Box Aerodyn'c Walk in 
Sin~le Double Triple 2 sided portable 
Cluttered 2-l.60/0 26.4% 44.5 0/0 8.3% 42.8% 33.3 0/0 
Moderate 52.40/0 32.2 % 200% 41.7 % 28.6% 66.70/0 
Minimal 19.70/0 34.5 % 13.3 0/0 41.7 % 14.3 0/0 
None 3.3 0/0 6.90/0 22.2% 8.3 % 14.3 0/0 100.0 % 
Total no. cupboards 61 87 45 12 7 3 1 
.. 
Table A4.5 Fume cupboard conditIon 
A high. percentage .of cupboards were cluttered with equipment, mainly bottles and glassware. 
SometImes, these Items obscured the rear scavenging slot eliminating any scavenging across 
the work surface. In other cases, large items of equipment such as gas chromatograms 
obscured nearly the whole of the working volume; the cupboard simply being used as a 
captor hood. 
A4.7 Fume cupboard performance 
A4.7.1 Mean face velocity 








no flow detected 
The face velocity was established as being important in resisting environmental disturbances 
(Caplan, 1982), 0.5 mls being recognised as the recommended minimum average face 
velocity. The velocity banding used in this survey was based on the literature and on the 
recommended face velocities in BS 7258 : 1994 which stated "In practice, with the sash set at 
the maximum working opening, it is unlikely that face velocities below 0.3 mls will give 
satisfactory containment. In some cases, face velocities of 0.5 mls or above may be 
necessary" . 
Following the survey it was found that 96.6 % of the aerodynamic cupboards tested had 
average face velocities> 0.5 mls at a working sash height of250 mm dropping to 70.2 % at a 
working sash height of 500 mm, a decrease of only 26.4 % of the number of cupboards 
suggesting that the majority were in excess of 1 mls (Fig. A4.3 & A4.4, Table A4.8 & A4.9). 
The total range of average face velocities was from 0.27 mls - 1.75 mls at a working sash 
height of250 mm and 0.35 mls - 1.10 mls at a working sash height of 500 mm. Only 1 of 
these cupboard types tested was found to have been switched off, however 2 had no flow 
through them with the sash raised to 500 mm but on reducing this to 250 mm a draught was 
measurable. This was thought to be more probably due to thermal updrafts through the 
ducting rather than to mechanical ventilation. 
86 % of conventional fume cupboards had an average measured face velocity> 0.5 mls at a 
working sash height of 250 mm dropping to 38.5 % at a working sash height of 500 rom, a 
decrease of 47.5 % with a greater proportion of cupboards having face velocities less than 1 
L /T:'~_ A A 'l D~ A4.4, Table A4.8 & A4.9). The total range of average face velocities was 
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from ,0.10 mls - ,2.17 mls at a working sash height of 250 mm and 0.07 mls _ 1.31 mls at a 
worklng sash heIght of 500 ,mm., 35 conventional cupboard types tested had no flow through 
them. All the cupboards WIth tnple sashes had face velocities> 0.5 mls at 250 mm, and the 
number only reduced by 7 % when the sash was raised to 500 mm. 
Th~ effect of raising the s~sh from 250 mm to 500 mm working aperture height on the scored 
v~ables was analysed usmg the students paired t-test. There was an extremely significant 
dIfference betw~en the average face velocity at working aperture heights of 250 mm and 500 
mm ~ = 3 x 10 21 for aerodynamic cup?oards, 5.2 x 10.22 for conventional cupboards and 5.1 
x 10 for all cupbo~d types) shOWIng as expected that by raising the sash there is a 
subsequent reductIon m face velocity (using data in which each cupboard was tested at both 
250 and 500 mm heights and excluding those through which no flow was measured). 
The range of veloc~ties seemed excessive with some very high velocities. However, while this 
was not unusual WIth regard to, the literature, it did suggest that not much attention was paid 
to the recommended face velocIty of 0.5 mls and economics - unecessary loss of heated air. 
A4. 7.2 Variation of velocity across the plane of the working aperture 
This was scored with respect to the mean face velocity 
Variation S20% & face velocity >0.5m1s 
Variation ~O% & face velocity ~0.5m1s 
Variation S20% & face velocity <0.5m1s 





It was generally accepted that, with a carefully designed, aerodynamically styled 
fumecupboard, a velocity of 0.5 mis, with ±20 % variation across the opening, was adequate 
to provide a reasonable degree of containment. This velocity was sufficient to overcome 
many of the adverse effects caused by air currents resulting from movements of the operator 
(Caplan, 1982). 
89.8 % of the aerodynamic working apertures tested at 250 mm met this minimum criteria 
(score 1), but on raising the sash to 500 mm, the number were reduced to 47.4 % (decrease 
42.4 %) (Fig. A4.5 & A4.6, Table A4.9 & A4.10). However, the number of cupboards with 
variation < 20 % irrespective offace velocity only dropped from 93.2 % to 71.6 %. This was 
a combination of both a decrease in velocity (26.4 %) and an increase in variation on raising 
the sash to 500 mm. It would appear from the results that not only was the reduction in score 
due to a decrease in face velocity below 0.5 mls but also due to an increase in variation of 
those cupboards with face velocities above 0.5 mls. There was a significant increase in 
variation when the sash was raised to a working aperture of 500 mm from 250 mm (Fig. 
A4.7) (P = 4.1 x 10.7). 
Conventional box cupboards were expected to have a greater degree of variation depending 
on the design features. The cupboards assessed were of varying design ranging from those 
with a single extract hole in the top to those with tapered extract ducts, those with no baffle 
to those with full rear baffles, and some which had retro fitted lipfoils in an attempt to smooth 
the airflow over the lower front lip. From the results at a working sash height of 250 mm, 
74.2 % had a velocity> 0.5 mls and a variation about this < 20 % (84.9 % < 20 % 
irrespective of face velocity) (Fig. A4.5 & A4.6, Table A4 .. 9 & A4.10). As the sash was 
raised to 500 mm the number with a velocity> 0.5 mls and a variation about this < 20 % 
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Figure A4.4 Velocity measurements at a working aperture height 500 mm 
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Figure A4.5 Variation in mean velocity measurements at a point from the 
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Figure A4.6 Variation in mean velocity measurements at a point from the 
overall mean face velocity at a working aperture height 500 mm 
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Figure A4.7 Comparison of% variation in the mean velocity measured at a point from the overall mean 
face velocity at working aperture heights of 250 mm and 500 mm for 'aerodynamic' fume cupboards. 
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Figure A4.8 Comparison of% variation in the mean velocity measured at a point from the overall mean 
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Figure A4.10 Fog scores at a working aperture of 500 mm 
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velocity). The reduction in the numbers with recommended ~ I' d " 
"fi ' lace ve OCIty an vanatlOn was 
more slgm cant ue to a drop 10 velocity (P = 5 2 x 10.22) th t' " , 1 10.15) all it h . an 0 an mcrease 10 vanatlon (p = 
d
x 
, ovedr or t e conventional cupboards, but for the triple sash cupboards there \ 
re uctton was ue to a greater variation (Fig. A4.8). 
It ~o~ld be enco~raging to suggest that the aerodynamic cupboards were more resistant to 
vanat!on o~ velocity, acro~s ~he a~erture than the conventional cupboards. However, there 
w,as htde dIfference 10 vanatlon WIth sash height for those conventional box cupboards with 
tnple sashe~, ,those tested with opposing apertures and those aerodynamic fume cupboards 
tested. Ratsmg the sash height obviously had an effect on the variation score but this 
appeare? to be ~ue ~o~e to a decrease in face velocity and perhaps error of measurement 
than an mcrease 10 vanatlon for all cupboard types apart from the aerodynamic and triple sash 
box cupboards. 
The variation ~ay have been due to the presence of equipment inside the cupboard, but 
because of pOSSIble effects from all the conflicting variables this could not be assessed on its 
own. 
A4. 7.3 Visualisation/Fog score 
The results of the tests using the method described in A4.1.1 were recorded as either 
satisf~ctory when there was a clear inward flow of water fog over the entire aperture, 
questIonable when water fog was shown to linger around the lipfoil (usually as a result of 
equipment blockage) or substantially under the sash handle or unsatisfactory when there was 




The combination of the cupboard design, the face velocity, its distribution, the clutter inside 
the fume cupboard and the effect of environmental disturbances was considered potentially 
better represented by flow visualisation. 
The water fog scores indicated that 87 % of the aerodynamic apertures tested at 250 mm 
were satisfactory (score 1) but only 30 % were satisfactory at 500 mm (a 56.5 % reduction 
on the number of cupboard apertures of those tested) (Tables A4.10-A4.13). This was due 
to 32 % of the apertures at 500 mm being scored 2 because of reverse flows around the 
lipfoil; where fog was seen to accumulate in eddies on the lipfoil, or because of bounce off 
equipment placed to near to the opening. At the lower aperture setting this did not seem to 
be a problem but was very noticeable at the higher sash heights. 
34 % of the conventional cupboards were satisfactory but 51 % of those with a measurable 
flow were not satisfactory at a working sash height of 250 mm. At 500 mm, only 15 % were 
satisfactory, 73 % were unsatisfactory (Tables A4. 10-A4. 13). 
The results of the water fog test were more condemning than the velocity or variation sco~es 
which was demonstrated in Figs. A4.11 - A4.24. Considering all cupboards ,at ~ wor~g 
aperture height of 250 mm the decrease in the number of fume cupboards With IncreasIng 
score for the variables of velocity and variation compared well. Howeve~ th~ fog s~ore does 






















Figure A4.11 % of all cupboard faces tested at 
height 250 nun and their scored variables: velocity 




















2 Score 3 4 
Figure A4.12 % of all cupboard faces tested at 
height 500 mm and their scored variables: velocity 






















Figure A4.13 % of aerodynamic cupboard faces 
tested at height 250 nun and their scored variables: 
velocity 0, variation of velocity 0, and fog A. 
2 Score 3 4 
Figure A4.14 % of aerodynamic cupboard faces 
tested at height 500 nun and their scored variables: 


















2 Score 3 4 
Figure A4.15 % of conventional cupboard faces 
tested at height 250 nun and their scored variables: 




















2 Score 3 4 
Figure A4.16 % of conventional cupboard faces 
tested at height 500 nun and their scored variables: 

















2 Score 3 4 
Figure A4.17 % of single sash cupboard faces tested 
at height 250 mm and their scored variables: velocity 



















Score 3 4 
Figure A4.18 % of single sash cupboard faces tested 
at height 500 mm and their scored variables: velocity 
0, variation of velocity 0, and fog l:!... 
- -------r -.--- ------. 
2 s~~ 3 4 
Figure A4.19 % of double sash cupboard faces tested 
at height 250 mm and their scored variables: velocity 
0, variation of velocity 0, and fog l:!... 
.-- ---------r ---. ----
2 s~~ 3 4 
Figure A4.20 % of double sash cupboard faces tested 
at height 500 mm and their scored variables: velocity 

















2 Score 3 4 
Figure A4.21 % of triple sash cupboard faces tested 
at height 250 mm and their scored variables: velocity 






















Figure A4.22 % of triple sash cupboard faces tested 
at height 500 mm and their scored variables: velocity 
0, variation of velocity 0, and fog l:!... 
---. 
2 S~~ 3 4 
Figure A4.23 % of double sided cupboard faces 
tested at height 250 mm and their scored variables: 



















Score 3 4 
Figure A4.24 % of double sided cupboard faces 
tested at height 500 mm and their scored variables: 
velocity 0, variation of velocity 0, and fog d. 
At a ~orking ~p~rture height of 500 mm there is little change in the number of cupboards and 
velocIty or vanatlon score but the number increases with increasing water fog score. 
The data for aerodynamic cupboards showed a good comparison for all three scored variables 
at a working aperture height of 250 mm but at 500 mm as the number of cupboards 
decreased with increasing velocity and variation scores, again the number increased with 
increasing fog score. This pattern was also reflected to large extent for all the other cupboard 
types which showed by the hierarchy of tests petformed and the scoring system that use of 
water fog visualisation could identify a poor petforming fume cupboard whereas the face 
velocity and variation were perhaps not as such good indicators of fume cupboard 
petformance. 
A4.7.4 Grading of scores 
Each of the scored variables were used as indicators of fume cupboard performance whether 
better or poorer, each being influenced by more conflicting factors; viz. fume cupboard 
design, operating parameters and the external and internal environment. However, from the 
figures A4.11 - A4.24 it was obvious that there was little correlation between these variables 
and thus individually, each could not be relied upon to give an absolute assessment of overall 
containment efficiency by themselves. Thus in order to assess the performance of the fume 
cupboard a grading score was chosen which took into account all three scored variables when 
measured at the working aperture. 
Grade = Velocity score x Variation score x (yVater Fog visualisation score? 
Thus the lower the grading value the better the cupboard performance. The water fog score 
was squared so as to give weight to this parameter as it was considered to be a more 



























2 4 6 8 9 18 24 32 54 72 
Grade 
Fig. A4.25 Fume cupboard grading scores. (. 2 ?"Omm OSoomtT'l '\. 
81 108 no 
ftow 
The scored variables had little correlation with each other as did the grade.. The grade w~ 
influenced more by the water fog score due to the weighting in the calculatIon. However It 
did serve to group the petformances of the fume cupboards. 
Axx 
Appendix 4 
It was ~lear from Fig. A4.25 th~t at a working sash height of 250 nun there was a large 
pro~ortl0n of fum~ .cupboards WIth low grade i.e. good perfonnance. However, it was also 
obYloUS that on raIsmg the sash to what may be considered the nonnal working height of 500 
~ the num~er ~f go?d perfonners decreased and poor perfonners increased (Table A4.14) 
This was. also dl~turbmg because very few of the sashes had locking mechanisms and the; 
could ea~tly be raIsed above 500 mm (to 826 nun in some cases). Table A4.7 showed how at 
these heIghts there ~er~ fe:v good perfonners. A major reason was that the face velocity 
decreased and the vanat10n mcreased. The water fog did not necessarily follow this trend. 
Aerodynamic cupboards (n Conventional cupboards (n 
= 57) = 175) 
2.8 x 10-7 1.39 X 10-19 
Table A4.6 Comparison of grade WIth sash heIght (Student's paIred t-test) 
Grade Aerodynamic cupboards Conventional cupboards 
2 2 
18 1 
72 1 6 
108 6 
Table A4. 7 Grading of cupboards WIth sashes fully o~n, ranging from working apertures at 682 - 826 mm for 
conventional cupboards and 598 mm for an aerodynamic cupboard. 
Comparison between fume cupboard types was impossible due to the uncontrolled 
confounding variables but was used in this sense to compare 'aerodynamic' fume cupboards 
with the grouped 'conventional' fume cupboard. 
Of the fume cupboards assessed in this institution, comparison of the trend in percentage of 
aerodynamic fume cupboards with grade was not that different from the more conventional 
type of cupboards at a working sash height of 250 mm and 500 mm (Figs. A4.26 - A4.29). 
The only differences were towards the higher and lower grades in that that there was a higher 
percentage of aerodynamic cupboards with good grades and none with the lowest grades, 
whereas there were conventional cupboards with the lowest grade. This then suggested t;lnd 
agreed with the literature that even with installation of aerodynamic cupboards which were 
supposed to have very much improved containment performance over the conventional box 
cupboards, the relative improvement did not always follow and that other variables (including 
installation and maintenance) were just as important. 
This could also be seen in the retro fit of conventional box cupboards. Some had lipfoils 
fitted obviously in an attempt to improve performance at the front edge and over the work 
surface. However the performance of these when compared to the completed survey showed 
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Figure A4.26 The grading of fume cupboard type at a working aperture height of 250 mm. 
Aerodynamic 0, single sash box type 0, double sash box type ~, triple sash box type V, and 
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Figure A4.27 The grading of fume cupboard type at a working aperture height of 500 mm. 
Aerodynamic 0, single sash box type 0, double sash box type ~, triple sash box type V, and 
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Figure A4.28 The grading of fume cupboard type at a working aperture height of 250 mm. 
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Figure A4.29 The grading of fume cupboard type at a working aperture height of 500 mm. 
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Figure ~4.30 The gradin~ of fume cupboard type at a working aperture height of 250 mm. 
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Figure A4.31 The grading of fume cupboard type at a working aperture height of 500 mm. 




Vel band Aero- Box Box 
dynamic 
Box Box Aero-
216 cupboard faces tested 
single Double Triple Dbsided portable 
75 % of total number) 
Score 1 Number 57 51 61 27 13 7 % total 19.9% 17.8% 21.3% 9.4% 4.5% 2.4% % type"" 96.6% 85% 79% 100% 
% band 
93% 100% 26% 24% 28% 13% 6% 3% Mean vel 1.06 mls 0.91 mls 0.86 mls 1.41 mls 
CoV% 
1.04 mls 1.35 mls 
24% 31% 42% 29% 
22 cupboard faces tested 7.6 % of total number) 
56% 
Score 2 Number 1 7 14 
% total 0.3% 2.4% 4.9% 
% type"" 1. 7% 11.7% 18.2% 
% band 5% 32% 64% 
Mean vel 0.32 mls 0.4 mls 0.44 mls 
CoV% 0% 14% 10% 
6 cupboard faces tested (2.1 % of total number) 
Score 3 Number I 2 2 1 
% total 0.3% 0.7% 0.7% 0.3% 
% type"" 1. 7% 3.3% 2.6% 7.1 % 
% band 17% 33% 33% 17% 
Mean vel 0.27 mls 0.18 mls 0.22 mls 0.18m1s 
CoV% 0% 61% 41% 0% 
43 cupboard faces tested (15.3 % of total number) 
no-flow Number 1 25 6 9 2 
% total 0.3% 8.7% 2.1% 3.1% 0.7% 
% type 2% 29% 7% 56% 6% 
% band 2% 57% 14% 20% 5% 
No. faces tested (287) 60 85 83 36 16 
*No. \\ith air flow 59 60 77 27 14 
Table A4.8 VelOCIty measurements at a working sash heIght of250 mm 
Vel band Aero- Box Box Box Box 
dynamic single Double Triple Dbsided 
109 cupboard faces tested 38.7 % of total number) 
Score 1 Number 40 18 18 25 8 
% total 14.2% 6.4% 6.4% 8.9% 2.9% 
% type"" 70.2% 31% 22.5% 93% 57% 
% band 26% 24% 28% 13% 6% 
Mean vel 0.68 mls 0.66 mls 0.74 mls 0.79 mls 0.87 mls 
CoV% 19% 23% 32% 29% 31% 
93 cupboard faces tested 33 % of total number) 
Score 2 Number 17 27 45 2 2 
% total 6% 9.6% 16% 0.7% 0.7% 
% type"" 29.8% 46.6% 56.3% 7.4% 14.3% 
% band 18% 29% 48% 2% 2% 
Mean vel 0.42 mls 0.4 mls 0.39 mls 0.44 mls 0.44 mls 
CoV% 11% 13% 17% 17% 11% 
34 cupboard faces tested (12.1 % of total number) 
Score 3 Number 13 17 4 
% total 4.6% 6% 1.4% 
% type* 22.4% 21.3% 28.6% 
% band 38% 50% 12% 
Mean vel 0.21 mls 0.22 mls 0.26 mls 
CoV% 29% 30% 14% 
45 cupboard faces tested (16.3 % of total number) 
no-flow Number 3 25 6 
9 2 
% total 1.1% 8.9% 2.1% 3.2% 
0.7% 
% type 5% 30% 7% 25% 
13% 
% band 7% 54% 13% 20% 
4% 
No. faces tested (281 ) 60 83 86 36 
16 
57 58 80 27 14 *No. with air flow 






Variation Aero- Box Box Box % band Box Aero-d\llamic single Double Triple Dbsided portable 191 cupboard faces tested 66.3 % of total number) 
Score 1 Number 53 43 54 25 10 6 % total 18.4% 14.9% 18.8% 8.7% 
% type* 3.5% 2.1% 89.8% 71.7% 70.1 % 92.6% 71.4% 85.7% % band 28% 23% 28% 13% 
24 cupboard faces tested (8.3% of total number) 5% 3% 
Score 2 Number 4 7 7 2 3 1 % total 1.4% 2.4% 2.4% 0.7% 1.0% 0.3 
% type* 6.8% 11.7% 9.1 % 7.4% 21.4% 14.3% 
% band 17% 29% 29% 8% 13% 4% 
21 cupboard faces tested (7.3 % of total number) 
Score 3 Number 2 6 13 
% total 0.7% 2.1% 4.5% 
% type* 3.4% 10% 16.9% 
% band 10% 29% 62% 
8 cupboard faces tested (2.8 % of total number) 
Score 4 Number 4 3 1 
% total 1.4% 1.0% 0.3% 
% type* 6.7% 5% 7.1% 
% band 50% 38% 13% 
43 cupboard faces tested (15.3 % of total number) 
no-flow Number 1 25 6 9 2 
% total 0.3% 8.7% 18.4% 3.1% 0.7% 
% type 1.7% 29.4% 7.2% 25% 12.5% 
% band 2% 57% 120% 20% 5% 
No. faces tested (287) 60 85 83 36 16 7 
*No. with air flow 59 60 77 27 14 7 
Table A4.10 % variation of velocity measurements from the mean face velocity at a working sash height of 
250mm 
Variation Aero- Box Box Box Box 
% band dynamic single Double Triple Dbsided 
58 cupboard faces tested (20.6 % of total number) 
Score 1 Number 27 7 6 13 5 
% total 9.6% 2.5% 2.1 4.6% 1.8% 
% type* 47.4% 12.3% 7.4% 48.1 % 35.7% 
% band 47% 12% 10% 22% 9% 
51 cupboard faces tested (18.1 % of total number) 
Score 2 Number 4 7 7 2 3 
% total 4.6% 3.5% 4.6% 4.3% 1.1% 
% type* 7% 12.3% 8.6% 7.4% 21.4% 
% band 25% 20% 25% 24% 6% 
49 cupboard faces tested (17.4 % of total number) 
Score 3 Number 14 8 21 1 5 
% total 5% 2.81% 7.4% 0.4% 1.8% 
% type* 24.6% 14% 25.9% 3.7% 35.7% 
% band 29% 16% 43% 2% 10% 
78 cupboard faces tested (27.7 % of total number) 
Score 4 Number 3 32 41 1 
1 
% total 1.1% 11.3% 14.5% 0.4% 0.4% 
% type 5.3% 56.1 % 50.6% 3.7% 7.1% 
% band 4% 41% 53% 1% 1% 
45 cupboard faces tested (16.4 % of total number) 
no-flow Number 3 25 6 
9 2 
% total 1.1% 8.9% 2.1% 3.2% 
0.7% 
% type 5% 31% 7% 25% 
13% 
% band 7% 54% 13% 4% 
2% 
No. faces tested (281 ) 60 82 87 36 
16 




Fog band Aero- Box Box Box Box Aero-dynamic single Double Triple Dbsided portable 
135 cupboard faces tested (47 % of total number) 
Score I Number 52 25 18 21 12 7 
0/0 total 18% 9% 6% 7% 4% 2% 
% type* 88. t % 41.7% 23.4% 77.80/0 85.7% 100% 
0/0 band 390/0 19% 13% 16% 9% 5% 
I~ cupboard faces tested (5% of total number) 
Score 2 Number 3 7 5 
0/0 total 10/0 2% 2% 
% tvpe* 5. t % 11.7% 6.50/0 
0/0 band 21% 50% 36% 
94 cupboard faces tested (32.9 % of total number) 
Score 3 Number ~ 28 54 6 2 
0/0 total 1.4% 9.8% 18.9% 2.1% 0.7% 
% type* 6.8% 46.70/0 70.1 % 22.20/0 14.3% 
0/0 band ~.3% 29.8% 57.4% 6.4% 2.1% 
no flow ~3 cupboard faces tested (15.3 % of total number) 
Number 1 25 6 9 2 
0/0 type 0.3% 8.7% 2.1% 3.1% 0.7% 
0/0 total 20/0 29% 7% 56% 6% 
0/0 band 2% 57% 14% 20% 5% 
No. faces tested (286) 60 85 83 36 16 7 
*No. with air flow 59 60 77 27 14 7 
Table A4.12 Fog scores at a working sash height of 250 mm 
Fog band Aero- Box Box Box Box 
dynamic single Double Triple Dbsided 
50 cupboard faces tested (17.7 % of total number) 
Score I Number 18 8 1 15 8 
0/0 total 6.4% 2.8% 0.4% 5.3% 2.8% 
% tvpe* 31.6% 13.80/0 1.3% 55.6% 57.1 % 
0/0 band 39% 16% 2% 30% 16% 
36 cupboard faces tested (12.8% of total number) 
Score 2 Number 19 9 5 3 
0/0 total 6.70/0 3.2% 1.8% 1.1% 
% type* 33.3% 15.5% 6.3% 11.1 % 
% band 53% 25% 14% 8% 
Score 3 150 cupboard faces tested (53.4 % of total number) 
Number 20 40 75 9 6 
% total 7.1% 14.2% 26.7% 3.2% 2.1% 
% tvpe* 35.1 % 690/0 93.8% 33.3% 42.9% 
0/0 band 13.30/0 26.7% 50% 6% 4% 
45 cupboard faces tested (16.3 % of total number) 
no-flow Number 3 25 6 9 
2 
% total 1.1% 8.9% 2.1% 3.2% 
0.7% 
% type 5% 30% 7% 25% 
13% 
% band 70/0 54% 13% 20% 4% 
No. faces tested (281) 60 83 86 36 16 
*No. with air flow 57 58 80 
27 14 




Scores Box Single Double Triple 2 sided 250 500 250 500 250 500 250 500 250 500 1 
-t9 11 20 16 
2 3 3 20 8 10 4 3 4 2 1 
-t 2 9 1 6 2 1 6 5 5 1 1 6 
-l 1 
8 1 5 1 4 
1 
9 2 7 16 
3 
3 33 4 18 5 
5 4 3 2 4 5 12 1 4 1 2 2-l 
-l 3 
32 1 1 1 
5-t 1 6 
-l 6 12 16 1 1 72 2 3 16 2 23 
81 1 1 1 2 1 108 2 12 1 14 1 1 
no flow 1 3 25 25 6 6 9 9 2 2 
Total 60 60 82 82 83 83 36 36 16 16 
cupb'd 
with 59 57 57 57 77 77 27 27 14 14 
flow 
Table A-l.I-l Grading offume cupboards at working aperture of250 and 500 mm) 
Possible Aerodynamic Box 
Scores Single Double Triple 2 sided 
250 500 250 500 250 500 250 500 250 500 
1 83.10/0 19.3% 35.1% 20.8% 74.1% 29.6% 71.4% 28.6% 
2 5.10/0 5.3% 5.3% 7% 2.6% 1.3% 3.70/0 22.2% 14.3% 8.3% 
-l 3.4% 7% 10.5% 8.8% 6.5% 1.3% 3.7% 
6 10.50/0 1.80/0 
8 13.6% 14% 1.8% 7% 11.1% 
9 3.4% 15.80/0 28.10/0 5.3% 44.20/0 5.2% 18.5% 14.8% 25% 
12 7% 
18 8.80/0 3.50/0 6.50/0 15.6% 3.7% 14.8% 7.1% 16.7% 
24 7% 3.9% 
32 1.8% 1.8% 1.3% 
54 1.7% 10.5% 70/0 10.5% 15.6% 20.8% 3.7% 
72 3.5% 5.3%) 28.1% 2.6% 29.9% 
81 1.7% 1.8% 2.6% 8.3% 
108 3.5% 21.10/0 1.3% 18.2% 7.1% 8.3% 
Total 60 60 82 82 83 83 36 36 16 16 
cupb'd 
with 59 57 57 57 77 77 27 27 14 14 
flow 
Table A4.15 Grading of fume cupboards at working aperture of 250 and 500 mm (% total working cupboards) 
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